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Abstract 
In Europe, the deployment characteristics of frontal crash restraints are generally 
optimised to best protect an average young male, since a 50th percentile male dummy 
is used in a stylised frontal impact scenario. These “single point” restraint systems 
may not provide similar levels of effectiveness when the crash scenarios vary with 
respect to the regulatory and consumer crash test procedures. Previous research has 
demonstrated that varying restraint deployment characteristics according to occupant 
and crash variation can provide further injury reduction in frontal impacts. This 
thesis reports the investigation conducted to assess the potential real world injury 
reduction benefit of smart restraint systems in frontal impacts. The intelligent 
capability of the restraint was achieved by varying the seat belt load limiter (SBL) 
threshold, according to the frontal crash scenario. 
Real world accident data (CCIS) were analysed to identify the target population of 
vehicle occupants and frontal impact scenarios where employing smart load limiters 
could be most beneficial, particularly in reducing chest injury risk. From the accident 
sample, the chest was the most frequently injured body region at an AIS 2+ level in 
frontal impacts (7% of front seat occupants). The proportion of older vehicle front 
seat occupants (>64 years old) with AIS 2+ injury was also greater than the 
proportion of younger occupants. Additionally, older occupants were more likely to 
sustain seat belt induced serious chest injury in low and moderate speed frontal 
crashes. 
Numerical simulations using MADYMO software were conducted to examine the 
effect of varying the load limiter thresholds on occupant kinematics and injury 
outcome in frontal impacts. Generic baseline driver and front passenger numerical 
models were developed using a 50th percentile dummy and were adapted to 
accommodate a 5th and 95th percentile dummy. Simulations were performed where 
the load limiter threshold was varied in five frontal impact scenarios which were 
selected to cover as wide a range of real frontal crash conditions as possible. From 
the simulation results, it was found that for both the 50th and 95th percentile dummy 
in front seating positions (driver and passenger), the low SBL provided the best chest 
injury protection, without increasing the risk to other body regions. In severe impacts, 
the low SBL allowed the dummy to move further towards the front facia, thus 
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increasing the chance of occupant hard contact with the vehicle interiors. The Smart 
load limiters predicted no injury risk reduction for the 5th percentile drivers, who are 
shorter and tend to sit closer to the steering wheel. 
The potential injury reduction of the smart load limiters was quantified by applying 
the estimated injury risk reduction from the simulation to the real world accident data 
sample. Thoracic injury predictions from the simulations were converted into injury 
probability values using AIS 2+ age dependent thoracic risk curves which were 
developed and validated based on a methodology proposed by Laituri et al. (2005). 
Real world benefit was quantified using the predicted relative AIS 2+ risk reduction 
and assuming an appropriate adaptive system was fitted to all the cars in the real 
world sample. When applying the AIS 2+ risk reduction findings to the weighted 
accident data sample, the risk of sustaining an AIS 2+ seat belt injury reduced from 
1.3% to 0.9% for younger front seat occupants, 7.6% to 5.0% for middle aged front 
seat occupants and 13.1% to 8.6% for the older front seat occupants. 
The research findings clearly demonstrate a chest injury reduction benefit across all 
age groups when the load limiter characteristics are varied. It suggests that 
employing a smart load limiter in a vehicle would not only benefit older occupants 
but also middle aged and young occupants. The benefit does appear to be most 
pronounced for older occupants, since the older population is more vulnerable to 
chest injury. As the older population of car users is rapidly rising, the benefits of 
smarter systems can only increase in the future. 
 
Keywords: accident data, frontal crash diversity, chest injury, elderly occupants, 
smart restraints, numerical simulations, AIS 2+ chest injury risk curve, benefit 
analysis 
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Chapter 1 Introduction 
This introductory chapter establishes the context of this research, as well as its 
general aim and objectives. 
1.1 Road Traffic Injury 
Road traffic crashes have emerged as a global public health issue (World Health 
Organisation 2013). Road traffic injuries account for about 1.24 million deaths 
globally each year (World Health Organisation 2013). This implies that 
approximately 3,400 people die from road traffic crashes every day. In addition, 
about10 million people are injured or disabled by these events. Road traffic collision 
causes considerable economic losses to victims, their families and to the nations as a 
whole. It is expected that without any comprehensive global action, road traffic 
deaths are predicted to emerge as a fifth leading cause of death in 2030 from eighth 
in 2010 (World Health Organisation 2013). The intervention strategy could involve 
encouraging proper restraint usage, improving roadway design and maintenance, 
improving vehicle crashworthiness, marginal speed reduction and creating awareness 
to drive sober. 
According to recent figures, almost 28,000 road fatalities (all road users) were 
reported in the European Member States (European Commision 2012). There were 
33,561 people killed and 2.36 million people injured on American roads in 2012 
(NHTSA 2012). In Great Britain, there was a total of 183,670 reported casualties of 
all severities in 2013 (DfT 2014). Of which 1,713 were fatally injured, 21,657 were 
seriously injured, and 160,300 were slightly injured. About 36% of the fatal road 
users in America were car occupants, in Europe in 2012; the corresponding figure 
was 54%. In 2013, passenger car occupants accounted for over 46% of the road user 
deaths in Great Britain (DfT 2014). 
Figure  1.1 illustrates the changes in passenger car casualties over time in Great 
Britain (DfT 2014). There is an overall decline in casualties, with the most noticeable 
decline in the ‘slight’ and ‘serious’ categories. The total number of passenger car 
occupant fatalities occurring in Great Britain decreased from 1,675 in 2006 to 785 in 
2013, a 53% reduction. The ratio of killed to seriously injured in 2013 was 0.1. In 
EU 15 countries, the total number of passenger car occupants involved in fatal road 
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accidents was reduced by 44% between years 2006 and 2013 (European Commision 
2015). In the US, a total of 21,268 passenger vehicle occupants died in 2013, 31% 
fewer than in 2006 (IIHS 2013). Despite the continuous trend in injury reduction, the 
casualty numbers are still high and there is further need to improve the crash safety 
performance of passenger cars. 
 
Figure  1.1 Reported car user casualties in Great Britain 
1.2 Frontal Impact Occupant Protection 
The basic requirements of occupant protection during a crash are: 
• To hold the occupant in the seat, avoiding ejection from the vehicle. 
• To prevent occupant contact on the vehicle interior. 
• To reduce the force of impact experienced by the occupants and distribute it 
over the stronger parts of the body (shoulder, thorax and pelvis). 
• To increase the ride down time i.e. the time of the occupant body to come to a 
complete stop in a crash. 
These are achieved through enhancement in crash energy management structures and 
restraint systems. Car impacts often involve the transfer of large amounts of energy. 
Vehicle structures and restraint systems are designed to transfer these energies to 
regions of the vehicle or occupant in a controlled way. 
The introduction of the European frontal impact directive (UNECE R94) and 
EuroNCAP tests have significantly improved occupant safety in frontal impacts. In 
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the regulatory crash tests, the car strikes a 40% offset deformable barrier head-on at 
56 km/h. The crash performance of the vehicle is assessed by comparing the crash 
dummy loads with prescribed limits. The EuroNCAP test is similar to the regulatory 
test but is conducted at a slightly higher impact speed (64km/h). Offset test 
requirements have reduced occupant compartment intrusion through an increase in 
the stiffness of frontal crash structures and occupant compartment strength. 
In a crash, the restraint system couples the rapidly decelerating occupants to the 
vehicle reducing the chance of occupant contact on the hard vehicle interiors. Frontal 
airbags and a three-point seat belt system with load limiters and pretensioners form 
an integral part of a modern restraint system. The effectiveness of the restraint 
system in frontal crashes is widely reported. Research in the US have shown the 
combined effectiveness of the airbag and seatbelt in reducing serious injuries by 60% 
(NHTSA 1996). It is a widely accepted fact that, in a crash, belted occupants have 
less probability of sustaining a fatal injury compared to non-belted occupants 
(NHTSA 1996; Cummings et al. 2003; Evans 1986). However, in some instances, 
seat belts may induce injuries mainly to the load bearing areas of the body like the 
chest, shoulder and pelvis but in some cases, it may also cause serious or fatal 
injuries (Hill et al. 1994). 
In the United States, regulation requires airbags to protect belted and unbelted 
occupants, resulting in the manufacture of larger and high powered airbags with 
lower deployment threshold and a higher rate of deployment. In frontal crashes, 
drivers equipped with a frontal airbag experienced reduced fatality risk of 19% when 
compared to drivers with no airbag (NHTSA 1996). However, in some studies, 
serious and fatal injuries to occupants, especially to small drivers, children and out of 
position occupants were linked to the airbag deployment (Summers et al. 1998; 
Marshall et al. 1998; Winston & Reed 1996). Subsequently, the US frontal regulatory 
frontal crash (FMVSS 208) test has encouraged developing smaller capacity airbags, 
addressing the issue of airbag volume and aggressiveness. 
Unlike the US, European airbags are typically designed to protect belted occupants, 
and they offer ‘supplementary’ protection to the seat belt system. They are generally 
less powerful and deploy at higher crash thresholds compared to those in US vehicles. 
European studies have reported reduction of serious injuries in airbag equipped 
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vehicles from 32% to 24% for belted drivers in frontal impacts (Kirk et al. 2002). 
Using European field accident data, Frampton et al. (2000) estimated 35% and 56% 
reductions in serious injuries to the cranium and face respectively. Although 
instances of airbag induced injuries were reported in the European studies, the 
problems associated with aggressiveness of airbags are limited in Europe compared 
to the US. 
Frontal crashes account for the vast majority of car occupant injuries in Europe 
(Cuerden et al. 2007). In Great Britain, almost half of the vehicle occupant fatalities 
and more than half of the seriously injured causalities occurred in a crash where the 
front of the car was the first point of impact (Richards et al. 2010). Figure  1.2 shows 
the importance of a frontal crash in causing serious and fatal injuries. In Germany, 
around 60% of the crashes with passenger cars were frontal impacts (DaCoTA 2012). 
In US, frontal crashes were the most common crash types involving fatal injuries, 
over 43% of occupant fatalities occurred in this crash type (Rudd et al. 2009). These 
global studies suggest that further research is needed to improve occupant protection 
in frontal impacts in order to improve the global road casualty situation. 
 
Figure  1.2 Crash types by injury severity in Great Britain. left: fatal injuries, right: serious 
injuries (Richards et al. 2010) 
In Europe, the deployment characteristics of restraint systems are generally 
optimised to best protect an average young male, using a mid- sized male crash 
dummy (stature = 175cm, body mass index (BMI) = 24.3 kg/m3) in a European 
regulatory and consumer frontal crash tests. Most modern restraint systems remain 
“Single Point” i.e. they will deploy at a certain pre-determined value (usually an 
acceleration level according to a deployment algorithm in the restraint control 
47% 
28% 
4% 
19% 
2% 
Front
Side
Rear
Rollover
Other
57% 
22% 
6% 
14% 
2% 
Front
Side
Rear
Rollover
Other
5 
 
module, or a specific belt load). Although some manufacturers claim that some 
variation in the population is catered for. Optimising safety systems to one particular 
type of crash test and one particular type of occupant group has produced safety 
gains but these systems may not provide similar levels of effectiveness when the 
crash conditions vary with respect to the regulatory compliance test procedures. 
Therefore, to improve occupant protection in frontal impacts, there is a need to 
consider crash protection potential for a wider occupant group than those currently 
catered for. 
Virtual tests play a vital role in the development of advanced safety restraint 
technologies. Advancements in computational modelling software packages have 
allowed multiple parametric tests to be conducted at ease with reduced cost and time. 
However, numerical simulation cannot totally replace experimental tests but can 
complement them through conducting several additional tests and providing 
additional information not readily available with physical tests. 
1.3 Frontal Impact Diversity Issues 
Injury pattern and severity outcome in an car accident is generally due to complex 
interactions of biomechanical factors, restraint use and type and crash characteristics 
(Arbabi et al. 2003; Zhu et al. 2006; Carter et al. 2014). Human factors such as age, 
gender, body size, stature, tolerance to injury and mechanical response play an 
important role in injury severity outcome (Bose et al. 2011; Carter et al. 2014). This 
implies that there are several different aspects of diversity that may determine the 
injury severity outcome in a frontal crash. 
The senior population is growing rapidly across the globe. The current global share 
of people aged 60 years or over is 11.7% compared to 9.2% in the year 1990. It is 
projected to reach 21.1% by the year 2050 (United Nations 2013). In Europe, the 
ratio of the number of people aged over 65 years to the population aged 15-64 years 
is projected to double between 2010 and 2050 (Lanzieri 2011). Mobility is 
fundamental factor to active ageing and passenger cars play an important part in 
providing those. The number of people using private vehicles in western countries is 
high (OECD 2001). It is therefore expected that an increase in the number of older 
vehicle occupants is likely to be consistent with their projected population increase 
(Welsh, Morris, Hassan, et al. 2006). It is a well-documented fact that, in general, 
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senior vehicle occupants are more vulnerable to injury in a crash and they tend to 
have worse outcomes for a similar level of injury (Kent et al. 2009). Kent and his 
colleagues (Kent, Henary, et al. 2005) analysed the US, National Automotive 
Sampling System Crashworthiness Data System (NASS-CDS), data between 1992 
and 2002 and found that as many as half of older drivers had sustained fatal injuries 
that would result in survival if sustained by younger drivers. The higher rate of chest 
injury and associated mortality to elderly occupants is reported by several authors 
(Morris et al. 2003; Frampton and Lenard 2009; Hill et al. 1994; Welsh et al. 2006). 
Offset tests have significantly increased the stiffness of the vehicle front structure, 
increasing the necessity of restraints in particular the seat belts to manage the crash 
energy better (Adolph et al. 2013; Kuppa et al. 2007). Otherwise, it may further 
increase the chest injury risk for elderly vehicle occupants. Especially, such 
interventions are needed early in Europe, where the proportion of elderly is greater 
(14-18%) than other major motorised countries like the United States (11.5%) and 
Australia (12.6%) (Mitchell 2008). This implies that increase in the senior population 
and their greater reliability on cars for mobility stress the bigger issue in the years 
ahead. 
Female drivers are on the increase. Their gender-specific biological and 
biomechanical differences present unique issues. Females are generally 
underrepresented in the fatal and serious motor vehicle crashes (Bose et al. 2011). 
Despite their low crash involvement rate, studies has shown that females are most at 
risk of being killed or seriously injured in a crash (Evans 2001b; Bose et al. 2011; 
Parenteau et al. 2013; Welsh & Lenard 2001). They are generally smaller in stature 
and they tend to sit closer to the front interior structure of cars (McFadden et al. 2000; 
Parkin et al. 1995; Welsh et al. 2003) and they can be at risk of serious head and 
chest injury and high pelvic injury from contact with the airbag and lower facia 
(Welsh et al. 2003). 
In motor vehicle crashes, BMI tends to have two opposite effects on injury severity 
outcome: “cushioning effect” due to extra tissue providing a positive effect, whereas 
greater body mass and momentum suggesting a detrimental effect (Arbabi et al. 2003; 
Sivak et al. 2010). Several investigations have associated obesity with increased fatal 
and serious injury risk (Carter et al. 2014; Sivak et al. 2010; Arbabi et al. 2003; Zhu 
et al. 2010), although gender appears to influence the injury outcome. From the 
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combined sample of men and women, Mock et al. (2002) reported an increased 
fatality rate to be associated with obesity. Some studies have reported higher injury 
risk to only obese males (Zhu et al. 2006; Ma et al. 2011), whereas others reported an 
increased risk for obese persons in both sexes (Viano et al. 2008). Higher upper body 
injury risk to obese males is linked to the difference in body shape, fat distribution 
and centre of gravity (Zhu et al. 2010). Furthermore, underweight men have a higher 
injury risk than normal weight males, although such a pattern does not appear to be 
found with women (Zhu et al. 2006). 
The seating position is another aspect of diversity which is of concern. Due to less 
ride-down space, the drivers are usually at higher risk compared to the front 
passengers. However, studies also found that females and the elderly are more likely 
to occupy the front passenger seat (Augenstein et al. 2005). This implies that safety 
systems which are tested for an average person on the front passenger side may not 
be effective for these vulnerable occupants (elderly and females) whose 
physiological characteristics and injury tolerance differ. The rear seating positions 
represent another challenge. The regulatory and NCAP frontal testing evaluates 
injury risk for adults in the front seats, and this requirement has not encouraged the 
manufacturers to fit advanced restraints in the rear seats (Kuppa et al. 2007). Most 
modern vehicles still utilise basic 3-point belts in the rear without pretensioners or 
load limiters. 
Crash characteristics such as crash speed, impact load distribution and the extent of 
occupant space intrusion can all influence severity of injury (Jones & Champion 
1989). The increase in impact velocity generally increases the chance of serious 
injury. High speed impacts test the performance of restraint systems which directly 
control the occupant ride down. Vehicle structural integrity in such high speed 
impact is also questionable. Nevertheless, addressing the safety concerns of 
occupants in most frequently occurring low speed impacts are very important. In low 
speed impacts, single point restraints may be too stiff and may not fully utilise the 
available ride down space, thus increasing the chance of restraint-induced 
deceleration injuries (Hynd et al. 2011). The severity of the crash is also determined 
by the amount of car frontal direct contact damage. A full frontal impact will test the 
restraint system much more severely than a frontal offset impact which tests the 
structure of the vehicle for intrusion resistance (O’Neill et al. 1996). 
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1.4 Smart Restraint System 
Mackay et al. (1994) realised that 
the next evolutionary stage in restraint design is to move away from a restraint 
system with fixed characteristics towards one which has variable characteristics. 
By providing information such as the occupant characteristics, occupant position 
inside the compartment, crash properties and the likely severity of the crash, the 
restraint system can be made to vary its deployment parameters. One way to increase 
the capability of the belt restraint would be to adapt the load limiter threshold, 
according to crash and occupant needs. Advancements in sensor based technologies 
with potential to sense accurate information of various aspects of the crash including 
pre-crash information can make this technology more viable. Such an adaptive 
system may utilise the full capability of the restraint features. Restraint deployment 
variations can also be achieved by a number of other methods including variations to 
airbag inflation rate, airbag firing timing and airbag volume, and variable pre-
tensioning (McCarthy et al. 2001). 
1.5 Motivation 
It is evident that the standard “one size fits all” restraints may not cater for a wider 
range of crash scenarios. With predicted demographic changes and larger proportions 
of crashes differing from the standard tested protocols, there is a greater need for 
advancements in the restraint features. Researchers have demonstrated the principle 
that smart restraint technology can provide gains in injury risk reduction (Mertz & 
Dalmotas 2007; Hardy et al. 2005; Bosch et al. 2005). However, most of those 
researchers analysed limited aspects such as impact speed, dummy size and seating 
position and the potential benefit to the front seat passengers was rarely assessed. 
Furthermore, the majority of those studies have not attempted to quantify the real 
world benefit of employing such smart systems. The research for this thesis studied 
the effect on injury outcome of a smart restraint system in a wide range of frontal 
crash scenarios and also estimated the potential real world injury mitigation benefit 
of such a system. In this study, the intelligent capability of the restraint system was 
achieved by varying load limiter threshold according to crash and occupant 
characteristics. 
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1.6 Aim  
The aim of this research was to determine whether varying the seat belt load limiter 
(SBL) threshold according to crash and occupant characteristics could have real- 
world injury reduction benefits to front seating occupants in frontal impacts and, if so, 
to quantify those benefits. 
1.7 Research Questions 
The materials presented in this dissertation address following four research questions: 
RQ 1 What is the effect of occupant and crash characteristics on injury severity 
outcome for front seat occupants in real world frontal crashes? 
RQ 2 What is the best method to assess the potential effectiveness of smart load 
limiters? 
RQ 3 Do smart load limiters produce injury benefits in all frontal crash 
scenarios, and where are they not effective? 
RQ 4 What is the real world injury benefit of smart load limiters? 
1.8 Structure of the Thesis 
The research questions and the chapters associated with them are summarised in 
Figure  1.3. 
    Chapter 
RQ 1  -Literature review and real world accident data analysis 
RQ 2  -Development of baseline numerical models  
RQ 3  -Parametric investigations  
RQ 4  -Real world injury benefit quantification 
Figure  1.3 Structure of the thesis showing contribution of each chapter to the research 
questions 
2 & 3 
4 
5 
6 
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1.8.1 Overview of Chapters 
This section provides an overview of Chapters 2-6 presented in this thesis. 
Chapter 2 reviews the literature providing the foundation to this research. 
Consolidated review on the frontal impact diversity aspects is presented. The review 
also details the effectiveness of current single point restraints and the potential of 
smart restraints on occupant protection. 
Chapter 3 investigates the effect of occupant factors (e.g., age, gender, BMI) and 
crash characteristics (e.g., speed, intrusion) on injury outcomes using real world 
accident data, with an additional emphasis to verify the results with the literature 
review for trends. This analysis identifies the target population of vehicle occupant 
and broad frontal crash scenarios where improved injury protection could be most 
beneficial. 
Chapter 4 details the development of generic baseline driver and front passenger 
numerical models using MADYMO software. Crash scenarios are selected from the 
real world accident data representing frontal crashes that to be applied in the 
parametric investigations assessing the benefit of smart load limiters. 
Chapter 5 examines the effect of varying the load limiter threshold on occupant 
kinematics and injury outcomes for different sized dummies (5th, 50th and 95th 
percentile) in both front seating positions (driver and front passenger) in selected 
frontal impact scenarios. 
Chapter 6 explores methods to convert the simulation outputs into real world injury 
risk measure. The real world injury reduction gains of smart seat belt load limiting 
systems are estimated. 
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Chapter 2 Occupant Protection in Frontal Impacts 
and Frontal Diversity Issues 
2.1 Introduction 
This chapter presents a review of the literature exploring issues relating to the effect 
of occupant characteristics (eg., occupant age, gender, stature) and crash 
characteristics (eg., crash speed, overlap, intrusion) on injury outcome in frontal 
crashes. This information is intended to provide a foundation for the accident 
analysis, numerical simulations and benefit quantification sections of this research. 
The effectiveness of widely used standard restraint systems (“single point”) in frontal 
impacts and the potential scope for smart restraints to address the frontal diversity 
issues are explored. An overview of methods/tools applied to evaluate the frontal 
crashworthiness including frontal crash test procedures, crash dummies and injury 
thresholds are presented. The literature was also reviewed to identify the injury types 
that are commonly occurring in frontal impacts which provide a base for determining 
the injuries that are a priority of prevention. 
2.2 Frontal Regulatory and Consumer Information Test 
Programmes 
A baseline level of crashworthiness of modern cars in countries with legal and/or 
consumer requirements is assured with various crash tests. Vehicle safety design is 
therefore towards doing well in those tests, although there are some “in house” 
assessments conducted by the manufacturers. This section presents an overview of 
frontal crash test procedures employed in Europe along with the procedures used in 
other major motorised countries. 
2.2.1 European Frontal Regulatory Crash Test 
The European frontal regulatory crash test programme is defined by UNECE 
Regulation 94 and the Directive 96/79/EEC (as amended by 1999/98/EC). They both 
are equivalent standards and they assess the occupant protection in a crash by means 
of full scale crash tests. The Directive was introduced for new model cars in 1996 
and for all cars in the year 2003. The test procedures were formulated through an 
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extensive research programme conducted by the European Enhanced Vehicle-safety 
Committee (EEVC, Lowne 1994). 
In the frontal impact test, the test vehicle is crashed into an offset deformable barrier 
(ODB) at 56km/h. The steering column side of the impacting vehicle first contacts 
the barrier with a 40% overlap. This test was intended to represent the acceleration, 
crush measurements and external deformation of a car to car collision with both cars 
travelling at 50km/h with an overlap of 50% (Lowne 1994). Figure  2.1 is the 
schematic diagram of the frontal regulatory test procedure. At the time of 
introduction, intrusion was reported to be the greatest source of serious and fatal 
injuries. Consequently, the proposed ODB test was set to improve the car structure to 
endure severe offset impacts with little or no intrusion (Hobbs 2001). In the absence 
of intrusion, ride down space inside the vehicle can be preserved allowing the 
optimal function of the airbag and seatbelts to protect occupants with minimum 
injury. 
 
Figure  2.1 European regulatory frontal crash test procedure (Edwards et al. 2009) 
The introduction of this test procedure was supported by the findings of Lowne 
(1994), who reviewed the accident data source presented to the working group of 
EEVC WG11. In general, the analysis of European accident data found that frontal 
impacts account for 40% to 66% of impacts causing severe or fatal accidents. Car-to 
-car impacts were the most frequently occurring accident type, accounting for 45 to 
66% of the total accidents. In the majority of the frontal impacts, only one 
longitudinal member was engaged, with some additional loading via the engine and 
bulkhead load path in a proportion of these impacts. At the time, less than 25% of the 
accidents with severe and fatal injuries were estimated to be impacts where both 
longitudinal members played a significant part in absorbing energy. After analysing 
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the load path and nature of loading, strong suggestions were made to introduce a 
partial overlap deformable barrier which would simulate a more realistic car-to-car 
collision. This test was also considered to have greater potential to reduce intrusion 
in accidents with greater overlap; whereas a test with greater overlap may not reduce 
the intrusion in accidents with smaller overlaps. 
Hybrid III 50th percentile male dummies are placed in the driver and front outboard 
passenger seat, with instrumentation in the head, neck, chest, femurs, knees and 
tibias. The injury criteria used in crash tests are detailed in Section 2.3. The injury 
limits that are applied to the response values are listed in Table  2.1. 
2.2.2 European Consumer Information Crash Test 
Consumer information crash test programmes provide car buyers and car 
manufacturers with an independent assessment of the crash safety performance of 
most popular and common car models. The European New Car Assessment 
Programme (EuroNCAP) was formulated based on the procedures developed by the 
EEVC (Hobbs & McDonough 1998). EuroNCAP aims to help consumers to buy 
safer cars and encourages the manufacturers to exceed the regulatory requirements. 
The first phase results were published in early 1997. In the EuroNCAP frontal impact 
test, the test vehicle is crashed into an offset deformable barrier (ODB) at 64km/h 
with an overlap of 40%, as shown in Figure  2.2. This impact test represents a car-to-
car collision at about 55km/h. 
 
Figure  2.2 EuroNCAP frontal crash test procedure (Edwards et al. 2009) 
The best-selling version of the model is usually chosen for the test. An instrumented 
Hybrid III 50th percentile (male) dummy is properly restrained and placed in each of 
the front outboard seats. Instrumented Q1.5 and Q3 child dummies, representing 1.5 
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and 3 year old children respectively with the suitable child restraint system are 
placed in the rear seat. 
Each body region receives an injury protection rating of good, adequate, marginal, 
weak, and poor based on the measured injury parameters for that region. For any 
body region to receive a good rating, the measured injury parameter must be above a 
pre-set higher performance limit. In addition, a series of modifiers are used to extend 
the applicability of the assessment to other sized occupants and to those in different 
seating positions. 
2.2.3 US Frontal Crash Tests 
In the US, FMVSS 208 describes a range of vehicle design and performance 
requirements. This includes the occupant crash protection tests, which are assessed 
by means of a series of crash tests. Traditionally, the vehicle was propelled into a 
rigid barrier at 56 km/h (Edwards et al. 2009). The barrier is extended across the full 
width of the vehicle and was perpendicular to the line of travel in most tests. Full 
overlap rigid barrier test results in higher deceleration than offset tests and they are 
more demanding on the restraint performance but are a less severe test on the vehicle 
structure. In addition, FMVSS 208 also conducts a number of other tests, including 
tests with unbelted dummies, oblique impacts and an offset deformable barrier low 
speed test (40 km/h) with a Hybrid III 5th percentile female dummy. The rationale 
behind the inclusion of the low speed ODB test is to assess the deployment of the 
airbag and its interactions with the dummy (Edwards et al. 2009). The Hybrid III 
dummies are instrumented in all the key body regions, and the limits are applied to 
their response values as listed in Table  2.1. 
The United States New Car Assessment Programme (USNCAP) test procedure is 
similar to the FMVSS 208 tests. During the test, the vehicle is crashed into the full 
width rigid barrier at 56km/h. Unlike a regulatory test, a 5th percentile male dummy 
is positioned in the front passenger seat (Sohr & Heym 2009). The vehicle model is 
selected by NHTSA based on the predicted sales volume, or if the new model has 
undergone any redesigning with structural changes or fitted with improved safety 
equipment. The vehicle is rated based on the combined probability and/or relative 
risk scores estimated from the dummy response from the key body regions. 
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Table  2.1 Regulatory performance criteria and limits  
Injury 
Criterion 
Europe  
96/79/EEC and 
UNECE R94 
United States 
FMVSS 208 
 
Head performance criterion  HIC36 ~ 1000 HIC15~700 
Head res. Acceleration (3ms 
exceedance) 
80 g - 
 
Neck tensile force 
 
3.3kN @ 0ms     
2.9kN @ 35ms 
1.1kN @ 80ms 
 
Hybrid III 50th % : 
4170 N             
Hybrid III 5th % : 
2620 N 
 
Neck compressive force 
 
- 
 
Hybrid III 50th % : 
4000 N                
Hybrid III 5th % : 
2520 N 
Neck shear force 3.1kN @ 0ms       
1.5kN @ 25- 35ms 
1.1kN @ 80ms 
- 
 
Neck Extension 
 
57 Nm 
 
- 
   
Nij - 1 
Thorax res. Acceleration     
(3ms exceedance) 
- 60g 
 
Thorax compression 
 
50 mm 
 
Hybrid III 50th % :   
63 mm               
Hybrid III 5th % :    
52 mm 
Viscous criterion 1 m/s - 
Femur force 9.07kN @ 0ms                  
7.58kN @ 10ms 
Hybrid III 50th % :   
10kN                    
Hybrid III 5th % : 
6.805kN 
Tibia compression force 8kN - 
Tibia index 1.3 (top and bottom) - 
Sliding knee movement 15 mm - 
Steering wheel displacement 80 mm vertical         
100 mm horizontal 
- 
Restraint release force 60 N - 
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2.3 Injury Assessment 
Injury severity in a real world accident can range from very minor in nature (e.g., 
bruises, abrasions) to very severe (e.g., serious brain injury). A consistent 
methodology is therefore required to classify the severity range to perform 
meaningful analysis. The Abbreviated Injury Scale (AIS) is an anatomically based 
injury coding technique developed by the Association for the Advancement of 
Automotive Medicine (AAAM) to classify and describe the severity of injuries 
(AAAM 1990). 
The AIS is a seven digit numeric code which contains information about both the 
severity of the individual injury and the injury location on the body. The AIS score 
indicates the relative risk of ‘threat to life’. The threat to life scale is on a 6 point 
ordinal scale ranging from minor (AIS 1) to currently untreatable (AIS 6) and are as 
follows, 
• 1=minor injuries 
• 2=moderate injuries 
• 3=serious injuries 
• 4=severe injuries 
• 5=critical injuries 
• 6=untreatable injuries (usually non-survivable). 
The AIS is also the basis for the Maximum AIS (MAIS) measure. The MAIS is the 
highest single AIS injury that a person with multiple injuries has sustained. The 
MAIS for the occupant is always either equal to or greater than the AIS value for the 
injury in the individual region. 
Anthropomorphic Test Devices (ATDs) otherwise known as crash dummies are 
widely used in the crash tests to represent human occupants but it is not possible to 
obtain an AIS score directly from a dummy, because the dummy is not actually 
injured. In a crash test, the measurments (forces, loads and accelrations) obtained 
from the intrumented dummy are used to assess the injury outcome. In the frontal 
impact tests, dummy measurements in the head, neck, chest and lower extremities 
(femurs, knees and tibias) are generally assessed. The safety performance of the 
vehicle is analysed by comparing these measurements with the threshold limits 
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defining the onset of significant injury which are based on various historical 
biomechanical studies involving experiments with human volunteers, cadavers, 
animals and crash dummies. The injury mechanisms to different body regions and 
the commonly used injury criteria are explained below. This review is important 
because the potential for smart load limiters are quantified in later section by 
analysing the dummy kinematics, injury mechanism and injury criteria output from 
numerical simulations. The following section provides an overview of injury criteria 
for different body regions. 
2.3.1 Head  
Figure  2.3 shows the anatomy of the human head and brain. The human head can 
anatomically be divided into two parts namely (RTO 2007): 
• “The face: the front part of the head, comprising the facial cranium and facial 
bones, its skin, muscles, the blood vessels to the facial structures, as well as 
the facial nerves. 
• The centre and rear part of the head: It includes the neurocranium, its skin 
covering and its contents: the brain and meninges”. 
 
Figure  2.3 Anatomical structure of the Head and Brain (AMA 2007) 
Injuries to the skull and the brain including the meninges are the most important 
types of injury to the head. Head injuries in principle can be classified as open if the 
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dura matter is injured or closed if the dura matter is not injured. Soft tissue injuries to 
the scalp and face are the most commonly occurring injury type in an automotive 
collisions, they are usually considered as minor/moderate injuries and are rated as 
AIS 1or 2 (Schmitt et al. 2009).  
2.3.1.1 Injury criteria 
Mechanisms of head injury are varied and include blunt impact to the facial bones, 
blunt impact to the cranium or purely accelerative forces on the head as it is set into 
motion (Frampton 1997). Most of the head injury risk models assume that the onset 
of skull fracture is related to the head acceleration and use skull fracture as a 
predictor of brain injuries. The Head Injury Criterion (HIC) was developed to predict 
the onset of serious head injuries, which are generally unacceptable, in frontal 
impacts and is widely used in automotive and aviation test standards. This HIC is 
based on the work of Gadd (1962) who used the Wayne State Tolerance Curves 
(WSTC) to develop a weighted acceleration criterion, now known as the Gadd 
severity index (GSI) (Gadd 1966) (Eq.2.1). 
𝐺𝐺𝐺𝐺𝐺𝐺 = ∫ 𝑎𝑎(𝑡𝑡)2.5 𝑑𝑑𝑡𝑡𝑡𝑡1𝑡𝑡𝑡𝑡                                 (2.1) 
where a (t) is, the resultant linear acceleration in g’s at the centre of gravity of the 
head, to and t1 are the starting and ending of time measures in seconds. 
The WSTC evolved from extensive cadaver tests focusing on the head acceleration 
response (Gurdjian et al. 1953; Gurdjian et al. 1966; Lissner et al. 1960). The WTSC 
curve indicate a relationship between the duration and the average anteroposterior 
translational acceleration level of the pulse that accounts for similar head injury 
severity in head contact impact (Schmitt et al. 2009). The original curve covered the 
time duration of only 6ms, it was then extended beyond 6ms using data from animal 
testing and human volunteer sled tests (Figure  2.4). The combination of acceleration 
level and pulse duration below the tolerance line is not supposed to produce a serious 
head injury. Exceeding the tolerance curve was thought to exceed human injury 
tolerance, i.e., resulting in severe irreversible brain injury. 
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Figure  2.4 The Wayne State Tolerance Curve (Versace 1971) 
Eq (2.2) shows the expression for HIC, which was defined by National Highway 
Transport Safety Administration (NHTSA), as a replacement for the GSI in frontal 
impact tests (NHTSA 2000). 
𝐻𝐻𝐺𝐺𝐻𝐻 = 𝑚𝑚𝑎𝑎𝑚𝑚 � 1(𝑡𝑡2−𝑡𝑡1)∫ 𝑎𝑎(𝑡𝑡)𝑑𝑑𝑡𝑡𝑡𝑡2𝑡𝑡1 �2.5 (𝑡𝑡2 − 𝑡𝑡1)                         (2.2) 
where t2 and t1 are any two arbitrary times (sec) selected to maximise HIC and a (t) 
is the resultant head acceleration (g). As observed, HIC is a time-weighted integral 
of the linear resultant head acceleration. Commonly, the maximum duration 
between t1 and t2 is limited to15 or 36ms, resulting in HIC15 and HIC36 respectively. 
In 1986, NHTSA put forward a value of 1000 as the limit for HIC36, indicating that 
a value above this tolerance level would induce serious to critical injuries in the 
head region (IIHS 2001). It corresponds to a 48% probability of skull fracture for a 
50th percentile male. More recent work by Eppinger et al. (1999) revisited the injury 
risk criterion, including the HIC. They proposed using HIC15 with a tolerance limit 
of 700, which is more stringent for short duration pulses where severe head injuries 
usually occur. The accepted HIC15 tolerance level corresponds to 34% risk of skull 
fracture, which is lower than the HIC36 1000. However, this applies for only short 
duration pulses with a hard head contact (Fitzharris 2006).  
In addition to the HIC, European frontal impact testing also considers the maximum 
vector acceleration of the head. It requires that the acceleration level should not 
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exceed 80g for more than 3ms. The rationale behind the inclusion of this criterion is 
that head impacts to hard structures with a relatively small contact area may induce 
moderate to serious injuries to the face and the weaker parts of the skull. Such an 
injury may occur in accidents when the occupant head/face hits the vehicle structure 
or the steering wheel through the airbag (IIHS 2001).  
2.3.2 Neck 
The most important part of the neck is the cervical spine, which comprises seven 
vertebrates (Figure  2.5: C1 to C7) forming eight motion segments between the base 
of the skull and first thoracic vertebra.  
 
Figure  2.5 Cervical vertebrate  
(image taken from AMA (2007) of Gray’s anatomy) 
Injury criteria for the neck are often assessed by the forces and the moments acting 
on the neck. The four basic possible neck motions are flexion, extension, lateral 
bending and axial rotation as shown in Figure  2.6. 
 
Figure  2.6 The four basic movements of the head and neck (Schmitt et al. 2009) 
In an automotive collision, the neck injury mechanism is usually through movement 
of the head and the neck beyond its anatomical range of motions or it can be induced 
by the head contact forces and combined axial or shear load with bending (Schmitt et 
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al. 2009). The commonly used neck tolerance limits are based on the following neck 
injury modes (Figure  2.7): compression (axial neck compression), tension (force 
stretching the neck), shear (force perpendicular to the neck column), flexion moment 
(forward bending of the neck) and extension moment (rearward bending of the neck). 
 
Figure  2.7 Possible loading mechanism of the neck (McElhaney & Myers 1993) 
2.3.2.1 Injury criteria 
Mertz et al. (1978) developed the axial compression neck injury tolerance curves. In 
their study, the Hybrid III dummy neck response in impact tests with a spring loaded 
tackling block was compared with real world accidents of football players. The 
compression tolerance varied with the duration of the application of load, with a peak 
value of 4kN. 
The tolerance levels for tension and shear loads were developed by Nyquist et al. 
(1980). They correlated the response of a 3-point belted 50th percentile male dummy 
in frontal barrier impact tests with the Swedish accident field data. Tolerance limit 
for tension and shear force were set at 3.3kN and 3kN respectively. 
Current tolerance levels for flexion and extension bending moments were developed 
by Mertz and Patrick (1971). They conducted tests on volunteers and post-mortem 
human surrogates (PMHS) to determine the neck reaction on the head under dynamic 
conditions. Human volunteers were subjected to various static and dynamic sled tests 
up to the pain threshold and PMHS tests extended the limits for serious injuries. 
Based on the test results, the suggested tolerance level for the resultant bending 
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moment is 190Nm in flexion and 57Nm in extension. These values are considered as 
lower bounds, exceeding this threshold would be more likely to increase the injury 
risk. 
The neck injury criterion, Nij, was proposed by NHTSA (Eppinger et al. 1999) to 
assess severe injuries in frontal impacts. This was developed based on the study by 
Prasad and Daniel (1984) who performed crash tests using piglets as child surrogates. 
They found that the linear combination of neck loads and moments was a good 
predictor of a neck injury. The Nij is based on a linear combination of neck axial 
force (Fz) and the bending moment about a lateral axis passing through the dummy’s 
occipital condyle (IIHS 2001), as shown in Eq. (2.3). Where the indices ‘i’ represents 
the axial load, and ‘j’ represents the sagittal bending moments.  
𝑁𝑁𝑖𝑖𝑖𝑖 = 𝐹𝐹𝑧𝑧𝐹𝐹𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑀𝑀𝑦𝑦𝑀𝑀𝑖𝑖𝑖𝑖𝑖𝑖                                       (Eq. 2.3) 
where Fz and My are the axial loads and the sagittal bending moment respectively. 
Fint and Mint are the normalised critical intercept load values. The critical load values 
for different sized dummies are given in Table  2.2. In total, four different criterion 
values can be obtained: Nce for compression and extension and Ncf for compression 
and flexion as well as Nte and Ntf providing associated values for tension. An injury 
threshold limit of 1.0 for each load case is used. 
Table  2.2 Intercept values for calculating Nij for in position testing (Mertz et al. 2003) 
Dummy Flexion 
(Nm) 
Extension 
(Nm) 
Compression 
(N) 
Tension 
(N) 
HIII 5th   153 67 3900 4260 
HIII 50th 305 133 6200 6780 
HIII 95th  405 177 8180 7480 
2.3.3 Thorax 
The thorax is the superior part of the trunk between the neck and the abdomen 
consisting of the rib cage and internal organs (Moore et al. 2013). The thoracic cavity 
hosts the respiratory organs and cardiovascular systems and is bound by the 
diaphragm, separating the thoracic cavity from the abdominal cavity (Nahum & 
Melvin 2002).  
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The thoracic cage (Figure  2.8) comprises of twelve pairs of ribs which are posteriorly 
connected to the thoracic vertebrate of the vertebral column, and the sternum. There 
are three types of ribs (Moore et al. 2013): 
• True ribs (1st -7th): connected directly to the sternum through their own costal 
cartilages. 
• False ribs (8th, 9th and usually 10th): connected indirectly to the sternum. 
• Floating ribs (11th, 12th and sometimes 10th): they are connected to the 
abdominal wall.  
 
Figure  2.8 Thoracic rib cage 
(image adapted from the Bartleby.com edition of Grays anatomy of the human body) 
The stiffness of the rib cage generally increases with age, however retaining certain 
flexibility. With an increase in age, the joints between the ribs and the sternum and 
the vertebrate, respectively, become stiffer. The ribs also tend to become more brittle 
due to the change in the bone properties (Schmitt et al. 2009).  
The interior volume of the rib cage can be divided into three areas: the right and left 
outer regions containing the lungs and the centre section, called mediastinum, 
hosting the heart and its great vessels, thymus gland, oesophagus and the lower 
portion of the trachea, the thoracic duct and lymph nodes, as well as the nerves 
passing through the thorax (Schmitt et al. 2009; Nahum & Melvin 2002).  
The left lung consists of two lobes while the right lung consists of three lobes. The 
main function of the lungs are to oxygenate the blood by bringing air into contact 
with the venous blood in the pulmonary capillaries (Moore et al. 2013). Each lung is 
surrounded by two layers of membranes; the parietal and visceral pleura. The parietal 
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pleura cover the entire inside of the rib cage including a cranial side of the diaphragm 
and the vertebral bodies. The visceral pleura closely enclose the lung tissue. Lungs 
are kept in their inflated state by continuously maintaining underpressure in the 
pleural cavity. If this underpressure is not maintained, the lungs will deflate allowing 
air to fill the pleural cavity, resulting in a clinical condition known as pneumothorax 
(Schmitt et al. 2009).  
Chest injuries in a motor vehicle collision can be due to complex loading on the chest. 
A blunt impact often occurs as a result of the occupant striking the vehicle interiors 
such as steering wheel, dashboard, and door. Belt interaction generates concentrated 
forces on fewer anatomical structures like the clavicle, sternum and ribs. In contrast, 
interaction with the airbag results in a well distributed, almost constant pressure 
across a large area on the thorax (Kent & Patrie 2003). According to Schmitt et al. 
(2009), the chest injuries in a blunt impact can be due to three different injury 
mechanisms: compression, viscous loading and inertial loading of the internal organs. 
The injuries can be categorised as skeletal injury and soft tissue injury.  
Rib fractures are the most commonly occurring thoracic injury type. Ribs are most 
likely to fail in bending on the tensile side at the point of maximum curvature, but 
fracture in principle can occur at any point (Schmitt et al. 2009; Nahum & Melvin 
2002). The injury severity increases with increase in the number of rib fractures. 
Single rib fracture and fracture to 2-3 ribs are coded as AIS 1 and AIS 2 respectively. 
Both these types of injuries are usually not severe, and most of the single rib 
fractures are self-healing. However, multiple rib fractures may cause life-threatening 
complications. The rib fracture can be categorised as a) closed fracture: if the skin 
and the soft tissue overlying the fracture remain intact or b) open fracture: if the 
sharp edges of the broken ribs perforate the chest wall. The latter type of rib fractures 
may puncture the lungs. Multiple rib fractures may cause flail chest, a life-
threatening medical condition that occurs when the rib cage breaks under extreme 
stress and becomes detached from the chest wall, leading to thoracic cavity losing its 
stability. 
Thoracic compression can induce lung contusion both with and without the presence 
of rib fractures. Unlike rib fractures which depend highly on the amount of 
compression, lung contusion is rate of compression dependent (Schmitt et al. 2009). 
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Rib fractures may also cause laceration or perforation of lung tissues resulting in a 
pneumothorax or haemothorax. In case of the haemothorax, the pleural cavity is 
filled with blood. Haemopneumothorax is a condition when the pleural cavity is 
filled with both air and blood. 
Thoracic impact may also cause injuries to other thoracic organs. Thoracic impact 
can cause heart laceration and contusion. The high magnitude of compression over 
the sternum generally results in laceration while contusion occurs due to compression 
and depends on the associated velocity (Schmitt et al. 2009). Blunt trauma to the 
thorax can also cause rupture and laceration type injuries to the major blood vessels 
such as the aorta. 
2.3.3.1 Injury criteria 
Acceleration criteria 
Initial research on thoracic injury criteria development was mainly focused on 
acceleration. Stapp (1970) realised that stopping rapidly from high speed travel may 
produce large forces on the occupant body over a short period, resulting in a fatal 
injury. Stapp investigated the deceleration tolerance levels by conducting rocket-
propelled sled tests with human volunteers and chimpanzees as subjects. 
Eiband (1959) used the data collected by Stapp and found that with an increase in 
duration of exposure, the declaration tolerance reduces. Mertz and Gadd (1971) 
investigated the thoracic acceleration tolerance of a stuntman diving from various 
heights onto a mattress. They found with 50g thoracic acceleration over 100ms 
duration, there appears to be no discomfort. FMVSS 208 allows a peak 60g spinal 
acceleration sustained for a 3ms or longer (NHTSA 2000). 
Compression criteria 
Several studies focussing on blunt thoracic impacts have been conducted using 
PMHS subjects. Kroell et al. (1971; 1974) found that chest compression correlates 
better with the onset of injury compared to acceleration and force criterion. Eq. (2.4) 
relates the chest compression with AIS. 
𝐴𝐴𝐺𝐺𝐺𝐺 =  −3.78 + 19.56𝐻𝐻                                         (2.4) 
Where C is the chest deformation divided by the chest depth. 
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Neathery (1974) statistically analysed the PMHS data used by Kroel et al. (1971; 
1974) and he recommended a sternal compression limit of 75mm, which corresponds 
to a 50% risk of an AIS 3 thoracic injury for a 45 year old human. Viano and Lau 
(1988) later re-analysed the data used by Neatherly and suggested a 35% limit of 
external chest compression to avoid any severe chest injuries (AIS 4+). The 35% 
limit corresponds to a chest deflection of 65mm, assuming 229mm as a chest depth 
for the 50th percentile male.  
Viscous Criterion (VC) 
Kroell et al.(1981) investigated the relationship between thoracic compression and 
velocity on injury outcome. The authors used swine as the test subjects and they 
found that high velocity impacts produced a higher level of injury despite having low 
levels of compression. Lau and Viano (1981) performed abdominal impacts tests on 
rabbits with different velocities. They found that for the same level of compression, 
low impact velocity tests produced minor injuries in contrast to high impact 
velocities which produced extensive deep lacerations of the liver and 
haemoperitoneum.  
Viano and Lau (1988) found that using compression criteria to predict chest injury 
may only be applicable for deformation less than 3m/s. To adequately measure the 
body’s viscous response to injury, they recommended a compression-dependent and 
rate-dependent injury criterion for deformation greater than 3m/s. The VC value is 
the maximum of the momentary product of the velocity of deformation, V(t) and the 
instantaneous normalised chest compression, C(t), as expressed in equation Eq. (2.5).  
𝑉𝑉𝐻𝐻 = 𝑉𝑉(𝑡𝑡) ∗  𝐻𝐻(𝑡𝑡) = 𝑑𝑑[𝐷𝐷(𝑡𝑡)]
𝑑𝑑𝑡𝑡
∗
𝐷𝐷(𝑡𝑡)
𝑏𝑏
                                   (2.5) 
Where instantaneous compression function is defined as the ratio of the deformation 
D(t) and the initial chest thickness (b). The European frontal impact test requires VC 
to be less or equal to 1.0m/s, which represents a 25% risk of AIS 4+ thoracic injury. 
Combined Thoracic Index (CTI) 
Analysing PMHS sled test data, NHTSA (Eppinger et al. 1999) proposed the 
Combined Thoracic Index (CTI) for assessing the chest injury outcome in frontal 
impacts. The CTI value is estimated by using both the chest deflection and chest 
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acceleration, and it particularly addresses both belt and airbag loading (Schmitt et al. 
2009). CTI is calculated as given in Eq. (2.6). 
        𝐻𝐻𝐶𝐶𝐺𝐺 = �𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝐴𝐴𝑖𝑖𝐴𝐴𝑡𝑡
� +  �𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴
𝐷𝐷𝑖𝑖𝐴𝐴𝑡𝑡
�                                (2.6) 
Where Amax =3ms peak value of the spine acceleration (g) 
Aint = critical 3ms intercept value (g) 
Dmax= max deflection of the chest (mm) 
Dint= critical intercept value for deflection (mm). 
The intercept values vary with the dummy sizes. For a 50th % percentile dummy, the 
corresponding acceleration and deflection intercept values are 85g and 102mm 
respectively. 
2.3.4 Lower extremities  
The lower limb comprises of the pelvis, thigh, knee, lower leg, ankle and foot. 
Fractures of the pelvis and lower extremities are the most common type of crash 
injuries to this body region. Its bony structure is shown in Figure  2.9. 
 
Figure  2.9 Anatomy of the lower limbs (Schmitt et al. 2009) 
2.3.4.1 Injury criteria 
Compression force 
The current FMVSS 208 Knee-thigh-hip (KTH) criterion limits the axial loading of 
the femur to 10kN (NHTSA 2000). A femur load of 10kN for the 50th percentile 
male corresponds to a 35% risk of sustaining AIS 2 injury.  
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The tibia compression force (TCFC) was introduced to limit the force axially 
transmitted to each tibia. The maximum value of TCFC allowed in European frontal 
impact test is 8kN (EuroNCAP 2013). 
Femur Force Criterion (FFC) 
The FFC is the measure of injury to the femur, which is assessed based on both force 
(kN) and the duration (ms) for which force is applied. It is determined by the 
compression force transmitted axially on each femur. The femur axial force in the 
frontal impact test must not exceed the values shown in Figure  2.10. 
 
Figure  2.10 Femur force performance criteria (Schmitt et al. 2009) 
Tibia Index (TI) 
The TI is assessed by combining the bending moment and axial compressive loads 
acting on the leg and is expressed as in Eq. (2.7). 
𝐶𝐶𝐺𝐺 = 𝑀𝑀
𝑀𝑀𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖
+ 𝐹𝐹
𝐹𝐹𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖
                                              (2.7) 
Where F is the measured compressive force (kN) in the superior- inferior direction 
and M is the resultant moment of the media-lateral and the anterior-posterior 
moments. Mcrit and Fcrit are the critical intercept value and are listed in Table  2.3. The 
maximum threshold of 1.3 is used in UNECE 94.  
Table  2.3 Critical intercept value for TI (Eppinger et al. 1999) 
Intercept HIII 5th % HIII 50th % HIII 95th % 
Mcrit 115 Nm 225 Nm 307 Nm 
Fcrit 22.9 kN 35.9kN 44.2kN 
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2.4 Anthropometric Test Device (ATD) 
This section provides the overview of frontal dummy models that are available to 
assess occupant protection in a crash. 
2.4.1 Hybrid III Dummy 
A single family of standard Hybrid III (H 3) frontal impact ATD’s /crash test 
dummies is used in frontal impact regulatory and consumer crash test programmes 
across the globe. The Hybrid III 50th percentile dummy was developed based on the 
height and weight of the average US adult male population by General Motors in 
1976 for use in the US frontal regulatory crash test (FMVSS208). It is the most 
widely used adult test dummy in the world.  
The current Hybrid III dummy is the successor to the Hybrid II crash dummy which 
was introduced in 1973. The biofidelity of the current version is more accurate 
compared to that of the Hybrid II dummy. The Hybrid III crash dummy also allows 
the provision to measure certain biomechanical parameters such as neck axial and 
shear loads and sternal to thoracic spine displacement which was not available in the 
previous model (Foster et al. 1977). Following the successful development of the 50th 
percentile male Hybrid III dummy, the US government directed further 
developments to produce a family of dummies to represent a wider automotive user 
range for crash safety test work. The current family of dummy includes a series of 
child dummies as well as 5th percentile female and 95th percentile male adult 
occupants. The Hybrid III 5th percentile female and 95th percentile male dummies are 
essentially a scaled down version of the Hybrid III 50th male dummy. The design 
specifications and the performance of the dummies are regulated under UN ECE 
regulations and also by the USA code of Federal regulations. The Hybrid III allows 
assessment of more than 40 measurements of accelerations, deflections and loads in 
various body areas (Edwards et al. 2009). The anthropometric details of the Hybrid 
III family are listed in Table  2.4. 
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Table  2.4 Anthropometric details of Hybrid III frontal impact dummies1 
 
12 month 
CRABI 
3 year 
old child 
6 year 
old child 
5th % 
female 
50th % 
male 
95th % 
male 
Weight (kg) 9.98 15.45 23.4 49.0 78.2 101.15 
Stature (cm) 74.67 94.49 114.3 150.11 175.26 188.0 
Sitting height 
(cm) 
48.0 54.61 63.5 78.74 88.39 93.47 
A considerable challenge in the design and development of a dummy is achieving a 
humanlike response. Although the Hybrid III dummy is more biofidelic compared to 
the earlier version, its limitations are well documented in the literature. A 
comprehensive review of all features of the Hybrid III dummy is beyond the scope of 
this thesis but some important issues are discussed below. 
The Hybrid III head was designed to meet isolated drop test biofidelity requirements. 
Ward (1985) tested the responses of the Hybrid III head and the previous version of 
Hybrid III dummy head (part 572 dummy head) to responses of cadaver specimens. 
Ward reported that, when compared to the Part 572 head, head acceleration of the 
current Hybrid III head were closer to the cadaver response. However, the head 
Hybrid III accelerations were low in the frontal impacts, almost similar in the lateral 
impacts and higher than the human head in the mandible impacts when compared to 
the cadaver. The current Hybrid III does not allow assessing the risk of facial injuries 
and it doesn’t represent human face deformation characteristics in direct contact 
(EEVC WG12 1996). 
The Hybrid III neck is designed to represent the cervical portion of the human spine 
and it is rigidly fixed through the torso and the head (Herbst et al. 1998). It is 
designed and developed to meet flexion and extension criteria established based on 
the responses of volunteers and cadavers (Mertz & Patrick 1971). The Hybrid III 
neck is a one piece flexible component with biomechanical bending and damping in 
both flexion and extension (Edwards et al. 2009) and has no inherent curvature to the 
neck column as in a human (Herbst et al. 1998). The lack of biofidelity of the Hybrid 
III neck is questioned, especially for frontal flexion (EEVC WG12 1996). The 
                                                 
1 
http://www.nhtsa.gov/Research/Vehicle+Research+&+Testing+%28VRTC%29/Hybrid+III+5th+Perc
entile+Female 
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Hybrid III neck is also reported to be significantly stiffer than the human cadavers 
(Yoganandan et al. 1986; Nightingale et al. 1991). 
The primary objective of the Hybrid III thorax was to assess the efficiency of the 
energy absorbing steering column (Mertz et al. 1991). It was designed to mimic the 
blunt impact of an unrestrained driver against the hub of a steering wheel and was 
not developed to reproduce the human thoracic response to the type of asymmetric 
strip loading applied by the shoulder belt (EEVC WG12 1996). The biofidelity 
corridors were developed using the thoracic force versus skeletal deflection 
responses of human surrogates (Lebarbé & Petit 2012). The Hybrid III thorax has a 
slightly more profiled rib cage, a more compliant chest and more distinct clavicles 
compared to the Hybrid II. However, the clavicles do not articulate correctly, and the 
Hybrid III chest is still not compliant in the same way as a human chest (EEVC 
WG12 1996). Cesari and Bouquet (1994) compared the Hybrid III and cadaver 
thorax deformations restrained by a thoracic belt and found that the dummy thorax is 
almost twice as stiff as that of the cadaver. A stiffer thorax in the dummy generally 
produces greater belt forces and less thoracic displacement compared to that of the 
human cadaver. 
The Hybrid III dummy has no injury assessment capability to the abdomen region, 
and its biofidelity is limited (EEVC WG12 1996). Attempts have been made to 
include abdomen injury assessment provision, but none has been adopted for general 
use.  
Lopez-Valdes et al. (2010) compared the kinematics of the ATD spine and post 
mortem human surrogates (PMHS) response in frontal impacts by performing sled 
tests in low and high impact speeds. It was found that the ATD spine is stiffer than 
the flexible multi-segment arrangement of the human spine. The authors also 
reported that for the similar crash pulse, the kinematics of the ATD were different 
from the PMHS. Unlike the dummy, the multi-segmented structure of the human 
spine allowed for different motion patterns between the lower and upper spinal 
segments depending on the speed. The authors also found that the axial and shear 
forces and the flexion moment of the PMHS at the upper neck were higher than those 
responses of the crash dummy. The biomechanical basis of the lumbar spine of the 
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Hybrid III is unknown, and its performance is specified only in quasi-static 
conditions (EEVC WG12 1996). 
Donnelly and Roberts (1987) found that in axial impacts to the knees, the force 
response of the dummy knee-thigh-hip complex is different from that of a PMHS. In 
the same impact, the dummy produced larger femoral force than the PMHS. Rupp et 
al. (2003) found that the Hybrid III knee and femur was stiffer than the PMHS 
response in the first 2mm of deflection and then approximately 16 times as stiff 
thereafter. A stiffer thigh generally produces greater restraint force for the dummy 
pelvis and to some extent for the torso of the dummy via the lumbar spine (Edwards 
et al. 2009). 
Limitations in the biofidelity of the Hybrid III dummies, particularly with respect to 
the assessment of more advanced restraint systems, led NHTSA to initiate the 
development of a new frontal impact dummy, the THOR (Test device for Human 
Occupant Restraint). 
2.4.2 THOR Dummy 
The primary design objective of the THOR dummy is to offer a humanlike in 
response to impact loading as well to represent the response of occupants in modern 
restraint systems such as force limited three point belt and airbag system. This had 
led to the development of the THOR Alpha, and later upgraded to the THOR-NT. 
Most recently, a modification package (‘Mod Kit’) was introduced aiming to 
enhance the biofidelity, durability, usability and repeatability of the THOR dummy 
(Parent et al. 2013). 
Yoganandan et al. (2011) studied the dynamic responses of the head and neck of the 
three-point belted Hybrid III dummy and THOR dummy with the PMHS in frontal 
impacts using sled tests. They tested the ATDs and human surrogates in low, 
medium and high velocities (3.6, 6.9, and 15.8 m/s) using a buck, capable of 
accommodating different anthropometry with similar initial position. The authors 
reported that the peak head-neck motion of the THOR dummy were similar to the 
PMHS. The occurrence of peak excursions of the THOR were closer to the PMHS in 
all velocities, while the biofidelity of the Hybrid III dummy was comparable with the 
PMHS only in the medium and high velocities. Based on the results the authors 
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suggested that the THOR dummy may be an optimal dummy for simulating vehicle 
occupants in frontal impacts. 
Parent et al. (2013) assessed the thoracic biofidelity of the THOR dummy in frontal 
impacts. The authors found that the thoracic force-deflection response was similar to 
the biomechanical response corridors: the Kroell corridor, based on internal 
deflection, and the Lebarbe corridor, based on external deflection (Lebarbé & Petit 
2012). The response of the THOR dummy was found to be similar to the human 
subjects used to develop the corridors. There were noted improvements with the 
THOR dummy compared to the Hybrid III in low speed blunt impacts.  
Shaw et al. (2013) evaluated the kinematic and chest deflection response of the 
THOR Mod Kit dummy and the 50th percentile Hybrid III dummy in the frontal 
impact 40km/h and compared it with the response of 8 PMHS. From the tests, the 
authors reported that the peak x-axis chest deflection values of the THOR dummy 
were closer to the PMHS than the Hybrid III dummy. However, the thoracic 
deflection values of neither of the dummy were close to the PMHS relative to the 
motion of the anterior ribcage away from the spine. 
The pelvis of the THOR dummy has improved shape, pelvis and thigh flesh 
specification, and knee-thigh- pelvis biofidelity, enhancing the restraint of the 
occupant through better interaction with the seat, seat belt, airbag and vehicle 
interiors (Edwards & Hynd 2011). 
Overall, the biofidelity of the THOR dummy offers an improvement to that of the 
Hybrid III and the THOR dummy may eventually replace the Hybrid III dummy 
worldwide. However, the dummy is still in the assessment phase and it may require 
several years to validate the dummy and develop dummy specific injury risk 
functions. 
2.5 Crash Impact severity Measure 
A number of speed related measures of impact severity have been used in the field of 
motor vehicle accident investigation over the years, including change of velocity 
(delta-V or ∆V), energy equivalent speed (EES), equivalent test speed (ETS), 
equivalent barrier speed (EBS), and barrier equivalent velocity (BEV).  
34 
 
2.5.1 Delta- V 
Delta-V is defined as change in velocity of a vehicles’ occupant compartment during 
the collision phase of a motor vehicle crash (i.e. from the moment of initial contact 
between vehicles until the moment of their separation) (PENDANT 2003). Delta-V 
is a vector meaning it is a quantity with magnitude and direction. This change in 
velocity can be as a result of a change in speed, a change in direction or both. 
Delta-V is defined by: 
∆𝑉𝑉 = 𝑉𝑉𝑓𝑓 − 𝑉𝑉𝑖𝑖                                       (Eq 2.8) 
Where 𝑉𝑉𝑓𝑓is final velocity and 𝑉𝑉𝑖𝑖is initial velocity. The initial and final velocities are 
the instantaneous velocities of the centre of mass of the vehicle immediately before 
and after impacts with its collision partner.  
2.5.2 Energy Equivalent Speed (EES) 
The energy equivalent speed (EES) is a measure of the energy dissipated by a 
crashed vehicle and may be may be thought of as an energy-based measure of impact 
severity (PENDANT 2003). Unlike delta-V, EES is a scalar quantity, having 
magnitude but no direction. EES is defined by the equation: 
𝐸𝐸𝐸𝐸𝐺𝐺 = �2𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑
𝐴𝐴
                                         (Eq 2.9) 
Where 𝐸𝐸𝑑𝑑𝑑𝑑𝑓𝑓: deformation energy,  
m: mass of the vehicle (kg) and  
EES: Energy Equivalent Speed (k/h). 
Eq 2.9 shows that EES is depend only on the energy dissipated and the mass of the 
vehicle. Delta-V of a crashed vehicle cannot be determined by these two parameters. 
2.5.3 Equivalent Test Speed (ETS), Equivalent Barrier Speed (EBS), 
Barrier Equivalent Velocity (BEV) 
ETS/EBS/BEV is defined as  
the speed in the case vehicle at which equal energy would be absorbed in a 
frontal energy impact into a test barrier without bouncing back i.e. an estimation 
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of velocity change at impact that would be required of a crash test if it were re-
create the same amount of crush that occurred in the real crash with a vehicle of 
equal mass and stiffness (PENDANT 2003). 
ETS is a vector quantity, having magnitude and direction. Change of velocity (delta-
V) during an impact may not be equal to the ETS. For example, if a vehicle strikes a 
heavier vehicle with a similar stiffness characteristics and thus sustaining similar 
magnitude of deformation then the delta-v is greater than the ETS.  
2.6 Frontal Restraints 
Frontal restraints are designed to dissipate the kinetic energy of the occupant whilst 
leaving them with as few injuries as possible (Richert et al. 2007). A typical frontal 
restraint system of a modern car comprises of a three-point seat belt with load 
limiters, belt pretensioners and driver steering wheel or passenger airbags. The 
deployment characteristics of these are vehicle specific and are generally determined 
based on the vehicle acceleration measured during the initial phase of a vehicle 
collision. A main issue with this standard systems is most of them are ‘single point’ 
i.e. the restraints are not capable of adjusting the deployment characteristics 
according to the variability in crash severity or occupant characteristics and are 
usually tuned to perform well in the regulatory and NCAP type impacts. 
In addition to the airbag and seat belt systems, supplementary restraints such as knee 
airbags, anti-submarining airbags and retractable steering columns can be available. 
The typical frontal restraint systems and its effectiveness are discussed below. 
2.6.1 Seat Belt  
Seat belts are the primary important safety feature of any passenger vehicle. The 
initial goal was to prevent ejection of occupants from the vehicle during an impact. 
This was achieved with a single lap belt mainly used in car racing in the early 1900’s. 
The next progression was to protect the occupant from contacting the vehicle interior 
in a crash. This was achieved by adding a shoulder belt to the lap belt (three-point 
belt) (Revkeldt & Labibes 2003). In 1959, the three-point belt was introduced in 
Sweden by Volvo as a standard system in their cars (Norin et al. 1984). The proper 
fastening of the seat belt would distribute the impact forces over the stronger bony 
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structures of the body such as the shoulder bone, ribs and pelvis. It also prevents hard 
contact with the vehicle interiors and the ejection of the occupant from the vehicle. 
The protective advantage of a seat belt can only be utilised if it is worn. In January 
1983, British Legislation made it mandatory to use seat belts for the front seat 
occupants of cars and light vans (Mackay 1987). The legislation improved the rate of 
seat belt usage in Britain from approximately 30 % in the 1970’s to around 90 % in 
the late 1980’s. A latest Department for Transport (DfT 2015) report still shows a 
high seat belt usage rate (97%) in England and Scotland, for all front seat occupants. 
Over the years with gaining popularity, acceptance and technological advancement, 
better safety belt systems were launched. Figure  2.11 shows a typical seat belt system 
with the shoulder belt upper anchor mounted to the B-pillar of the vehicle body. 
A typical modern belt system includes (Hynd et al. 2011; Revkeldt & Labibes 2003): 
• The retractor to store unused webbing and lock it in a crash. It uses a spool 
attached to one end of the belt webbing. The spring inside the retractors 
applies a rotation force to spool, thus winding up any loose webbing. 
• The pretensioner tightens the belt, removing any slack in the webbing during 
the initial phase of the crash. 
• The load limiter limits the belt force at a pre-defined level. 
• The height adjuster helps to achieve correct belt geometry. 
• The buckle provides the locking and unlocking function to the latch and 
releases the seat belt. It must also be able to withstand high forces. 
 
Figure  2.11 Seat belt system and its components. (Karlow et al. 2006) 
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2.6.2 Pretensioner 
Mercedes-Benz introduced seat belt pretensioning in the year 1980 (Fischer 2011). 
The primary function of the pretensioner is to preload the belt system, generally less 
than 3kN, in an event of a crash (Yannaccone et al. 2005). This removes any 
webbing slack that can be caused by routing of the restraint or by clothing (Crandall 
et al. 2000). The pretensioner assists in pre-positioning the occupant who may be out 
of position during the crash by loading the webbing (Müller & Linn 1998). 
Pretensioning the webbing also couples the occupant to the vehicle early in the crash, 
thereby increasing occupant ride down (Crandall et al. 2000). The pretensioners can 
be activated through electromechanical or pyrotechnic elements. Most modern 
pretensioners use the latter, which is activated by the same sensor which activates the 
airbag. The pretensioners may be fired without airbag deployment in the case of a 
minor collision. The pretensioner generally fitted into the buckle stalk, the shoulder 
belt retractor or the outboard anchor assembly. 
Some vehicles may have more than one pretensioner at a given seating position. 
Renault investigated the potential of a double pretension restraint system (Faure & 
Couturier 2007). In addition to the retractor pretensioner, a second pretensioner was 
fitted in the belt buckle assembly to pretension the lap belt as well. The shoulder belt 
pretensioner was fired a few milliseconds before triggering the lap belt pretensioner. 
The double pretensioner couples the occupant with the seat and it reduces both 
thorax and pelvic forward displacement, potentially reducing the injury risk to the 
chest, knee and low extremities. Sled tests found that the double pretensioning 
system reduced pelvis displacement up to 30% for 50th and 95th percentile occupant 
sizes and around 11 – 22 % for the 5th percentile occupant size compared to the 
single shoulder belt pretensioning system. Reduction in the pelvis acceleration and 
velocity was also noted with the double pretensioning system (Ziegahn et al. 2002). 
2.6.3 Load Limiter 
Seat belt load limiting device was introduced in 1995 (Brumbelow 2007). The 
shoulder belt load limiter controls the thoracic belt force by allowing the occupant 
torso to excurse relative to the car’s interior when the belt force reaches the pre-set 
limit. The load limiter utilises the ride down space to dissipate a larger amount of 
occupant’s energy in a crash. The first generation load limiter had belt switching near 
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the upper anchorage points which tore under loading, thus introducing additional 
webbing into the belt system (Foret-Bruno et al. 1978). A typical design of 
mechanical load limiter has a deformable metal part integrated with the seat belt 
retractor spool. The deformable part will yield plastically when the threshold force is 
reached, allowing the previously locked seat belt to release out with a constant force 
(Wang & Zhou 2009). The constant force retractor has been identified to be an 
optimal pattern of restraint force (Kent et al. 2007).  
The shoulder belt load limit threshold should be selected in such a way that the 
occupant can tolerate the force without injury. Otherwise, injury to the occupant’s 
chest and/or clavicle can still occur. Load limiters are normally pre-set at around 4kN 
(TUG 2005). Mertz and Dalmotas (2007) found that load limiting at 6kN may not be 
effective in preventing chest injuries. Load limiters when activated allow occupants 
to displace further forward in a crash. For this reason, their deployment is usually 
integrated with the frontal airbags, providing necessary restraint forces to avoid 
contact with the vehicle interiors. Applying load limiters in vehicles with no airbag 
may increase likelihood of the head contact with vehicle interiors, offsetting any 
benefits achieved by lowering the belt forces. Additionally, low force limiter 
thresholds can allow the occupant to ‘bottom out’ through the airbag and strike the 
vehicle interior. 
2.6.4 Effectiveness of the Seat Belt System 
Seat belts are considered to be the single most important safety feature of any 
passenger vehicle (Brumbelow 2007). Evans (1986) found that the relative risk of 
mortality for a front seat occupant wearing a seat belt was 0.58 compared with an 
unbelted front seat occupant. NHTSA (1984) reported that occupants wearing a 
three-point seatbelt had a relative risk of fatal injury, compared with the unbelted 
occupants, of 0.55. Rutherford et al. (1985) reported reduction of fatalities in UK 
after the seat belt legislation by approximately 25% in 1985. The belt effectiveness 
of reducing fatal and serious injury risk in the Netherlands is approximately 40% and 
25% respectively2. Cummings et al. (2003) analysed the US fatal crash data of front 
seat occupants collected between 1986 and 1998, they found that the relative risk of 
death among the belted occupants was 0.39 compared to the unbelted occupants. 
                                                 
2 http://www.swov.nl/rapport/Factsheets/UK/FS_Seatbelts.pdf 
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Zuppinchi (1989) analysed the effectiveness of pretensioners by comparing the 
performance of the 3- point seat belt system with and without pretensioner in a 
frontal impact at 35mph. He reported a reduction in HIC (38%) and chest 
acceleration (20%) values for the pyrotechnical pretensioner system compared to 
non-pretensioner. In addition, reduction in head and chest displacement was also 
noted, reducing the chance of contact with the vehicle interiors. 
Walz (2004) analysed the USNCAP tested vehicles equipped with the seat belt 
pretensioner and load limiters which had also been tested prior to the inclusion of 
those devices. He reported that the belt system with only pretensioner was more 
effective than the seat belt system with load limiter alone. The presence of both 
pretensioner and load limiters is estimated to reduce HIC by 232, chest acceleration 
by 6.6g and chest deflection by 10.6mm, for front seat occupants. When vehicles 
with only pretensioner were considered, for occupants in the front seat, HIC was 
reduced by 20%, chest acceleration and chest deflection were reduced by 4.8g and 
6.5mm respectively. Significant reduction of chest acceleration and chest deflection 
was noted for the right front passenger in vehicles equipped with load limiters alone. 
Kallieris et al. (1995) conducted cadaver tests and found a significant reduction in 
the thoracic loads for force limited 3-point belt/airbag system compared with the 
standard belt/airbag restraint. More effective distribution of chest loads was observed 
for the force limited belt compared to the standard belts. Crandall et al. (1996) 
investigated the effectiveness of the restraints of different combinations a) standard 
seatbelt b) standard seatbelt/airbag and c) 2kN force limited seatbelt/airbag. Nine 
cadavers and six dummy sled tests were conducted at 56km/h. The average number 
of rib fractures was found to be less for the load limiting belts (4) compared with 
sleds which had airbag (9) and standard belts (13). With load limiting belts, the 
forward excursion was higher by 42%. However, no hard contacts were reported. 
Kent et al. (2001) assessed the performance of the belts that limited loads to 3.5kN 
compared to the standard non-force limiting seat belts by conducting seven cadaver 
tests. A 40% reduction in the average number of rib fractures was estimated for load 
limiting belts. 
Foret- Bruno (2001) compared the effectiveness of 4 and 6kN load limiting seat belt 
and those without load limiters, but with a pretensioner. The sample comprised of 
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388 frontal accidents occurred since 1995 involving Renault cars and where impact 
speed is between 35 and 75 km/h. 75% of the sample consisted of 6kN load limiting 
device and 5% of vehicles were equipped with 4kN load limiter. According to the 
authors, 55% percent of drivers and 30% of front seat passenger in vehicles fitted 
with 6kN load limiter had frontal airbags. For vehicles without load limiters, the 
presence of frontal airbags for drivers and passengers were 38% and 9% respectively. 
All vehicles in the sample with 4kN load limiters were fitted with frontal airbags. For 
4kN load limiters compared with the non-load limiter sample, a significant reduction 
of thoracic injuries at all AIS levels was observed. The corresponding thoracic injury 
reduction at AIS 2+, AIS 3+ and AIS 4+ levels were 60%, 73% and 100% 
respectively. No significant difference was observed for occupants with 6kN load 
limiting seat belt system compared to those without load limiters. 
Paulitz et al. (2006) studied the potential of constant force load limiters using a 
mathematical model representing an restrained occupant. The results showed a 
reduction in the pelvis, chest and head acceleration of 52, 62 and 63% respectively. 
Carroll et al. (2009) used French in-depth accident data to compare two samples of 
cars designed since 1990 with and without a load limiting seat belts. They found a 
significant reduction in AIS 2+ (27%) and AIS 3+ (46%) thoracic injuries for front 
seat occupants equipped with a 4-5kN load limiter compared to those without a load 
limiting device. On the other hand, they found no significant reduction of both AIS 
2+ and AIS 3+ injuries for seat belts with 6kN load limiters. When crashes with EES 
greater than 45km/h were considered, the injury level decreased for occupants with 
4-5kN load limiters and those without load limiters was 39% for AIS 2+ and 49% for 
AIS 3+ thoracic injuries. They also observed that the presence of a 4-5kN load 
limiter reduced the following AIS 3+ chest injuries: rib fractures (-57%), pleura 
injuries (-20%), lung injuries (-14%), spleen injuries (-20%) and liver injuries (-50%).  
Carroll et al. (2009) used UK in-depth accident data for vehicles of the model year 
2000 or later to examine the effectiveness of load limiters compared to those not 
equipped with load limiters. Effective reduction of some of the AIS 3+ chest injuries 
including lung and rib injuries were observed for belted front seat occupants with 
load limiters compared to those not equipped with a load limiting device. But, an 
increase in AIS 2+ sternum, shoulder and rib injuries was noted with load limiting 
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seat belts. This implies that the load limiter is effective in reducing AIS 3+ chest 
injuries, but it is also necessary to ensure that this is not at the expense of increasing 
AIS 2+ injuries.  
Brumbelow and Farmer (2013) analysed the relationship between the peak sternal 
deflection measurements recorded using a Hybrid III dummy in Insurance Institute 
for Highway Safety (IIHS) frontal crash tests (64 km/h @ 40% overlap) and injury 
and fatality outcomes for drivers in field data. They compared the peak sternal 
deflections for vehicles with a seat belt pretensioner, load limiter and a good rated 
structure with the real world injury risk of these vehicles in which the driver was 
restrained only by a seat belt and airbag. NASS-CDS data sample was used to 
estimate the real world injury risk. Vehicles with coincident changes to the front 
structure, advanced airbag or electronic stability control were not included in the 
analysis. They found pretensioner and load limiters reduced peak Hybrid III sternal 
deflection and these systems are beneficial in real-world crashes with similar or 
greater overlap. However, they expressed concerns about the disbenefit of load 
limiters in oblique-frontal and small overlap impacts, where the likelihood of 
occupants missing the airbag is high and in such situations the load limiter induced 
excursion may produce occupant contact with the vehicle interiors such as the 
steering wheel and windscreen. This study highlights that optimising the 
performance of restraints for one particular crash type may compromise occupant 
safety in some serious real world frontal collisions.  
In response to the concern raised by Brumbelow and Farmer (2013), NHTSA 
investigated the seat belt effectiveness relative to restrained occupants for vehicles 
with and without pretensioners and load limiters (Kahane 2013). The double pair 
comparison analysis was conducted on the US, Fatality Analysis Reporting System 
(FARS, NHTSA 2000) data collected between 1986 and 2011. The report found a 
reduction of fatalities by 12.8%, for front seat occupants in frontal impacts, if the belt 
is equipped with a load limiter and a pretensioner compared to belts without either of 
these technologies. 
2.6.5 Frontal Airbags 
Airbags are inflatable restraint systems which are triggered by sensor/s on detecting 
certain sudden deceleration of the vehicle during a crash. The purpose of frontal 
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airbags is to improve the occupant ride-down time and prevent the occupant from 
hard contact on the vehicle interiors like the steering wheel, instrument panel and 
windscreen. In the late 1960s, the initial demonstration of practical airbags with 
simple elements like ballistic sensors was demonstrated to detect the crash 
deceleration (Karlow et al. 2006). Once the crash is sensed, sensors trigger the flow 
of gas from a stored gas bottle inflating a cushion. With this successful 
demonstration, in the year 1973, General Motors introduced the first airbag system 
for driver and front seat passenger seating positions.  
The main challenge of the airbag is to provide optimum safety in different crash 
scenarios and for different occupant sizes. It should also maintain the correct 
pressure inside the bag; too low a pressure would allow the occupant to contact the 
vehicle interior through ‘bottoming out’ and too high a pressure may induce injuries 
from the airbag itself through stiffer contact. 
Unlike in the US, where airbags are required to protect both belted and unbelted 
occupants, European airbags are used as a supplemental restraint system aimed at 
protecting belted occupants. Consequently, European airbags are smaller in size and 
require a lower deployment rate than the US version. Driver and passenger side 
airbags are usually fitted in the steering wheel hub and instrument panel respectively. 
Typical sizes of European airbags are 35 – 60 litres for the driver side and 80-120 
litres for the passenger side. US driver airbag size varies between 65-80 litres and 
150-160 litres on the passenger side (Revkeldt & Labibes 2003). 
Crash severity determination and deployment timings are the most important 
characteristics of airbags. The time of airbag deployment is somewhat standardised, 
and it is at the time an occupant has moved 12.5 cm forward minus 30ms to inflate 
the airbag (Bergfried et al. 1990). The frontal airbag system can be divided into four 
major components, described in sections 2.5.5.1-4 (Karlow et al. 2006; Hynd et al. 
2011; Revkeldt & Labibes 2003). 
2.6.5.1 The sensors and crash evaluation System 
Acceleration sensors detect the onset of the crash. The acceleration inputs are 
continuously processed by the pre-programmed crash evaluation system which 
decides whether the sensed response corresponds to a deployment situation or not. 
The airbag is triggered if the evaluation system recognises a specific crash. Positions 
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of frontal airbag sensors generally vary. They may be found mounted as satellites 
into the front end of the car and behind the bumpers, or a main accelerometer 
mounted on the transmission tunnel or under the dashboard on the floor of the 
vehicle interior.  
2.6.5.2 The vehicle interior  
Airbag are housed on the suitably engineered mountings inside the vehicle 
compartment. The mountings must incorporate all of the individual components and 
facilitate appropriate inflation of the bag. In an event of a crash, these mountings 
should move as little as possible and be rigid enough to withstand the loading 
transmitted through the bag, by the occupant. 
2.6.5.3 The Inflator 
When the crash is severe enough for the deployment, the sensor sends the signal to 
ignite the propellant which generates gas needed to deploy the airbag. The very rapid 
burning of the propellant produces sufficient mass of gas to fill the airbag.  
2.6.5.4 The bag 
The fabric, when filled with gas from the inflator, acts as a cushion to absorb the 
kinetic energy of the occupant. Exhaust vents and/or gas- permeable fabric elements 
would allow a controlled deflation of the airbag. The stitching and folding of the 
fabric can be varied to achieve specified direction and speed of expansion. It can also 
be achieved through inflation control seams. Tethers can be used to control the 
extension of the front of the bag, avoiding violent contact with the occupant during 
the inflation process. 
2.6.6 Effectiveness of Frontal Airbags 
Several studies have addressed how airbags influence injury outcome. This section 
explores different studies on analysis the effectiveness of airbags in frontal crashes. 
In the UK, Lenard et al. (1998) used UK CCIS (Co-operative Crash Injury Study) 
database to study the injury distributions between a sample of airbag deployed and 
non-airbag equipped vehicles both involved in frontal impacts. They found that 
airbag-equipped vehicles had relatively fewer fractures to the face or skull (4% 
compared to 26%) compared to the vehicles with no airbag.  
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Frampton et al. (2000) analysed 1740 UK (CCIS) and 5215 German in–depth 
accident study (GIDAS) databases to investigate the effectiveness of airbag restraints 
in European frontal crashes. For drivers with MAIS 2+ injury, European airbags 
reduced AIS 2+ injuries to the cranium and face by 35% and 56% respectively. For 
crashes below 30km/h delta-v, the airbag was found to have limited injury benefit. 
No chest injury reduction was found in airbag equipped vehicles compared to those 
without airbags. Frampton et al. also reported that the occurrence of AIS 2+ upper 
limb injuries was substantially higher for occupants in the airbag equipped sample. 
Kirk et al. (2002) reported the detailed assessment of airbag effectiveness using 
CCIS data. The analysis included cases investigated between 1996 and 2001 
consisting of 1942 belted drivers. Kirk et al. noted the reduction of MAIS 2+ injury 
from 32% to 24%. The airbag was found to be very effective in reducing (58%) AIS 
2+ head injuries for belted drivers. Controlling for impact speed or overall driver 
injury severity, no significant benefit for thoracic injury was apparent. The authors 
also found that the frontal airbags were less effective in reducing head injury in 1 o’ 
clock frontal impacts (direction of force of impact at 30º from the longitudinal 
vehicle axis on right side of the subject vehicle) and pole impacts. Airbag induced 
serious head, neck and chest injuries were reported in some impacts, but those cases 
were very rare. 
Barnes et al. (2001) looked at 512 frontal crashes involving belted front seating 
occupants (drivers and passengers) in Australia. They observed an overall reduction 
in the number of injuries sustained by drivers in airbag-equipped vehicles. They also 
found a significant reduction in AIS 2+ head, face, neck and chest injuries for drivers 
in airbag equipped vehicles. Their analyses revealed significant reductions in the cost 
of injury in airbag equipped vehicles. The notable difference in the findings of this 
study with the European studies was injury reduction to the chest. The small sample 
size could have been a major contributory factor for this difference. 
2.6.7 Knee Airbag  
Knee airbags control the occupant’s kinematics and prevent the knees from 
contacting the interior panel/steering column. Generally, knee airbags can be 
categorised as Inflatable Knee Bolster types or Knee Airbag types (Hong et al. 2007). 
The former deploys the airbag cushion behind the lower instrument panel and 
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indirectly restrains the occupant’s knees. In the latter, the occupant’s knees are 
restrained directly through the deployed airbag cushion. They also reduce the 
entrapment of knee between the instrument panel and the toe pan/floor, thus reducing 
the loads acting on the tibia. Knee airbags reduce the risk of occupant submarining 
(TUG 2005). Submarining refers to the condition where the occupant pelvis slides 
underneath the lap belt allowing the belt webbing to compress the abdomen.  
2.6.8 Collapsible Steering Column 
The distance between the steering wheel and the driver is an important factor in 
reducing injuries. The concept of pyrotechnic assist collapsible steering column was 
introduced by Mu (2000). The main objective of this system is to generate steering 
column motion away from the occupant and synchronise it with the airbag 
deployment. The study concludes that the collapsible distance of 50 - 75 mm has the 
potential to reduce Out of Position (OOP) injuries. 
2.7 Frontal Impact Diversity Issues 
Injury outcome in a car crash is generally due to a combination of several factors 
including occupant (age, stature, gender, BMI) and crash characteristics (speed, 
overlap, collision partner). This section reviews literature to help understand the 
impact of these factors on injury severity outcome in frontal crashes. This was 
intended to identify potential factors for which the standard restraint systems (that do 
not adapt for these diversity aspects) could be made smart to improve occupant 
protection in frontal impacts. 
2.7.1 Age 
For some time now, the safety community has been questioning the effectiveness of 
occupant protection for elderly vehicle occupants. This is in part due to recognition 
of the major shift in the population distribution in most motorised countries. The 
number of older people in the European Union is projected to grow dramatically over 
the next two decades and beyond (Zaidi 2008). It is predicted that by 2050, the 
proportion of older people (65 years and above) in Europe will be close to 30 % 
compared to 21% in 2000 (Zaidi 2008). In the US by 2030, 19% of the population 
will be aged 65 or over (Ridella et al. 2012). Similarly, in Australia the proportion of 
older persons aged above 65 years is projected to rise from 11.1% in 2001 to 24.2% 
in 2051 (Australian Bureau of Statistics 2006). 
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Mobility is a critical factor to carry out life’s activities and in most western countries 
private passenger cars facilitate this need (Oxley et al. 2010). As their population 
grow, it is expected that the number of older people using passenger cars will be 
greater than ever before. In the UK, more than 4 million adults above 70 years old 
are currently licensed3. It is predicted that 40 million older adults (65 years and 
above) will be licensed in the US by the year 2020, compared to 19.9 million in 2002 
(Dellinger et al. 2002). Research in the US by Hu et al. (2000) estimates that over the 
next three decades, without active interventions, the number of fatal crashes could be 
increased as much as three times compared to the present. Their model suggested a 
286% increase in older drivers fatalities, based on the four key factors: an increase in 
the proportion of older people in the population, an increase in the distance travelled 
by these occupants, an increase in the number of licensed old drivers and an increase 
in their crash risk. This model trend can also be extended to predict the serious injury 
causalities. The anticipated increase in the fatality involvement rate due to their 
population increase is also reported in other earlier studies (Lyman 2002; Insurance 
Institute and Highway Safety 2002). 
In addition to an increase in elderly road users their increased injury probability is 
important. It is generally acknowledged that age is an important factor in the injury 
outcome in a vehicle crash. The European road safety report (DaCoTA 2011) shows 
that in the year 2009, almost 7000 elderly people (>64 years) died in road traffic 
accidents, accounting for more than one-fifth of the total fatalities. Older occupants 
differ from young or middle age occupants in several respects including 
physiological tolerance, injury outcomes and crash exposures (Islam & Mannering 
2006; Kent et al. 2009). Previous studies have shown that the biomechanical 
tolerance to injury declines with age, reducing the ability for the body to withstand 
blunt trauma (Augenstein 2001; Welsh, Morris, Hassan, et al. 2006; Dejeammes & 
Ramet 1996). 
Compared to younger occupants, older occupants sustain a greater level of injury in a 
given crash scenario, and they tend to have worse outcomes for a similar level of 
injury (Kent et al. 2009). Fragility and frailty contribute to this shift in injury severity 
rates among the elderly respectively. Evans (2001a) found that compared with 
                                                 
3 http://www.racfoundation.org/ 
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drivers aged between 20 and 50, fragility increased the fatality risk by 1.75 times for 
those aged above 60, by 2.6 times for 70 years old and over 5 times for those who 
were aged 80 and above. Li et al. (2003) estimated around 60-90% of the increase in 
fatality for older drivers (60 years and above) could be related to fragility. Kent et al. 
(2005) analysed the NASS-CDS from 1992 to 2002 and found that as many as half of 
older drivers who had sustained fatal injury would be survived by younger drivers. 
Analysing the CCIS 1998 – 2001 data, Morris et al. (2003) reported that in similar 
crash conditions, older occupants have a significantly higher rate of fatality and the 
MAIS outcome is more severe compared to the younger occupants. This fact is also 
supported by other studies showing that older occupants possess greater injury risk 
when controlling for vehicle and crash characteristics (Zhang et al. 2000; Khattak et 
al. 2002). Pre-existing medical conditions play an important role in the rate of 
recovery and comorbid effects from injuries among elderly vehicle users. 
Cunningham et al. (2001) in their research documented that older occupants need 
significantly greater surgical, medical and therapy workloads, and they sustained 
significantly more serious complications and had a longer length of hospital stay. 
The evidence from the crash analysis clearly indicates that thoracic morbidity and 
mortality is significantly greater for the older vehicle occupants (Morris et al. 2003; 
Welsh, Morris, Hassan, et al. 2006; Augenstein et al. 2005; Frampton & Lenard 2009; 
Hill et al. 1994; Ridella et al. 2012). Older occupants are more likely to sustain 
severe chest injuries, even in a low/moderate speed crash (Morris et al. 2003; 
Augenstein et al. 2005). They are also increasingly susceptible to skeletal injuries 
from seat belt loading (Kent et al. 2008; Morris et al. 2003; Welsh, Morris, Hassan, 
et al. 2006). Welsh et al. (2006) reported that in the UK, serious chest injuries for 
older drivers are more often associated with the seat belt whilst more frequently with 
the steering wheel for younger occupants. Zhou and his colleagues (1996) studied the 
effect of age on the injury tolerance to the thorax and recommended that the belt 
loading be reduced by a factor of 0.28 for older occupants (66-85 years) compared to 
the younger group (16-35 years). The authors also reported that for the elderly, the 
thoracic injury tolerance to blunt loading decreases by 20%. Kent al et al. (2005) 
using cadaver tests, estimates that at 43% of chest deflection a 30 year old has 50% 
risk of 6+ rib fracture, while a 70 year old can only tolerate 33% of the chest 
deflection for the same level of injury risk. 
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Changes in the geometrical and material characteristics of the rib structures are 
predominately linked with the increased thoracic skeletal injury for the elderly, 
reducing the overall biomechanical tolerance (Kent, Lee, et al. 2005; Laituri et al. 
2005; Gayzik et al. 2008). With an increase in age, the bone tends to demineralise, 
and become more porous, resulting in reduced material strength (Cowin 2001). 
Seeman and Delmas (2006) suggests that the age-related bone fragility is based on an 
impaired remodelling process where the bone is more reabsorbed than formed, 
reducing the strength of the bone. Parenteau et al. (2014) reported differences in the 
allignment of spine with age, the vertebral angles at all locations for older people 
(75+ years old) was found to be greater than the younger group (16-29 years old). 
The alignment of the spine can change the loading path (Bansal et al. 2011) and lead 
to different seating postures or belt positioning (Parenteau et al. 2014). Also, 
abnormal cervical alignments are more likely to increase with the severity of soft 
tissue injury (Stemper et al. 2011). Kent et al. (2005) reports that the rib cage tends to 
get narrower and deeper, while the layer of cortical bone decreases in thickness, 
reducing the fracture tolerance. Further characteristics such as less effective blood-
oxygen change, lower pain tolerance and increased effort in breathing make the 
elderly less tolerable to rib fractures (Kent et al. 2008; Sharma & Goodwin 2006). 
Kent et al. (2008) studied the relationship between the rib fractures and the fatality 
risk of adults (18 years and above) following a car crash, using the US National 
Trauma Databank, they found that the older occupants have increased fatality risk 
from the rib fractures. The authors also reported that over 55% of patients above 60 
years old who died of a chest trauma had no injury worse than rib injuries. They also 
found that the odds ratio of fatality risk for the younger patients (18-45 years) with 
AIS 3+ rib fractures was 1.4 compared to 2.5 for the older (over 64 years) patients. 
Rib fractures are also often associated with an increase in intrathoracic complication 
rates (Thor & Gabler 2008; Bassett et al. 1968; Sirmali et al. 2003).  
Like ribs, the static load necessary to fracture the femur and tibia have been shown to 
diminish with age. But the analysis of motor vehicle crashes has not shown a 
consistent relationship between ageing and the incidence of lower extremity injuries. 
Crandall (1997; 1998) showed an age-related increase in the rate of AIS 2+ below 
the knee injuries from a subset of NASS/CDS data for front seat occupants in frontal 
impacts. But Crandall’s finding was contrary to Parenteau et al. (1996) who analysed 
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the Swedish accident data from Folksam Insurance. The database consisted of 805 
foot- ankle injuries of 57,949 car occupant injuries reported from 1985 -1991. Based 
on the analysis they reported that age is not a significant factor for AIS 2-3 foot- 
ankle injury incidence. Jibril et al. (1998) found an age effect only for women and 
only in the absence of intrusion. No similar effect was observed among men in the 
presence of intrusion. A more recent report by Ryb et al. (2008) based on the US 
Crash Injury Research and Engineering Network (CIREN, NHTSA (2000)) database, 
showed no increase in the femoral and tibial fractures for elderly vehicle occupants 
despite the known changes in bone composition and strength with ageing.  
An age related increase in injury risk to other body regions like the abdomen 
(Frampton et al. 2012; Lamielle et al. 2006; Hill et al. 1994) and head (Mallory 2010; 
Ridella et al. 2012) are also reported in the literature. Yamada (1970) found that the 
tensile strength of the stomach, the large and small intestines, the kidneys and the 
urinary bladder decreased with age thus increasing abdominal injury risk. Studies 
have shown that in a vehicle crash, the older drivers sustain different types of head 
injuries compared to younger drivers (Bauzá et al. 2008; Mallory 2010). Using the 
National Automotive Sampling System (NASS) – Crashworthiness Data System 
(CDS) database1993- 2007 sample, Mallory (2010) found that bleeding injuries are 
the most common type of serious head injury among older drivers. The author also 
reported the rate of extra-axial bleeding injuries (like epidural, subdural, and 
subarachnoid bleeding injuries) increase with age, and the injury rate was especially 
prominent in relatively low severity crashes. The NASS database was funded by the 
NHTSA; NASS investigates approximately 5000 crashes annually involving light 
passenger vehicles (passenger cars, vans, utility vehicles, and pickup trucks) in the 
United States. The CDS, a component of NASS, is comprised of police-reported two 
away crashes and contains crash and occupant injury data (NHTSA 2000).  
2.7.2 Gender 
Gender is another important factor which may affect injury severity outcomes in a 
crash. Accident data have consistently demonstrated that females are 
underrepresented in fatal or serious injury compared to males (NHTSA 2007; Welsh 
& Lenard 2001). In the US, the majority (68%) of fatal occupants were male and 
females accounted for 32% (NHTSA 2007). The higher crash involvement rate by 
the males can be attributed to higher travel exposure among males compared to 
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females (Bose et al. 2011). Despite lower fatality involvement rate, the fatality risk to 
females was found to be greater by 22± 9% to 28±3% than the males in a similar 
impact (Evans 2001b). Bose et al. (2011) analysed the NASS CDS 1998- 2008 data 
and found that, in a comparable crash, the odds for belted female drivers to sustain 
severe injury were 47% higher than those for a belted male drivers. Welsh et al. 
(2001) showed that in the UK, the frequency of restrained female drivers sustaining 
an injury at all severity levels was higher compared to their male counterparts. 
Parenteau and her colleagues (2013) investigated the NASS-CDS data for calendar 
years 1997 - 2011 and found that the relative risk of being injured was higher among 
females compared to males in crash severities up to 65 km/h speed. They also found 
that the proportion of females sustaining severe injuries in all body regions except 
head and abdomen was higher than that for males. These studies highlight a higher 
injury risk to females compared to the male occupants. Moreover, studies have 
predicted a decrease in the crash involvement gap between genders. They link it with 
an increase in travel exposure (both licensing and travel miles) among females due to 
socio-economic changes and changes in driving behaviour (Romano et al. 2008; Tsai 
et al. 2008). This implies that more emphasis is needed on improving the protection 
offered to this occupant group. 
Males and females are physically different, biological and biomechanical properties 
such as anthropometric size, body composition, injury tolerance varies between sexes. 
Anatomical differences contribute to gender specific differences in injury severity 
and injury patterns (Parenteau et al. 2013; Kent, Lee, et al. 2005). Parenteau et al. 
(2014) noted the difference in the fat distribution between genders; males had 1.19-
1.99 times more visceral fats than females while females had 1.22 to 1.50 times more 
subcutaneous fat than males. An anatomical difference in the pelvis region was 
reported by Melocchi (2010). Stiffness and hysteresis of tendons were found to be 
significantly lower among females, implying a difference in the viscoelastic material 
properties among genders (Kubo et al. 2003). Wu et al. (2012) reported gender 
dependency on the viscoelastic properties of the cortical bone. Differences in the 
neck anthropometry, strength and musculature was reported, contributing to higher 
neck injury among females (Berglund et al. 2003). Difference in cervical vertebrate 
angle between genders is reported in the literature, females generally having larger 
facet angles at C2 and C3 level and lower angles at C6 and C7 levels compared to 
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males (Parenteau et al. 2013). The authors also found that the facet angle tends to 
increase with age for both genders, but at a higher rate for older females. These 
findings suggest a need for more studies, analysing the impact of the anatomical 
difference between genders in terms of injury outcome in a crash. 
Females are generally smaller in stature than males. Occupant height determines the 
distance of the occupant from the steering wheel (McFadden et al. 2000; Parkin et al. 
1995; Malczyk et al. 2013). However, its effect on the seating position on the 
passenger side is generally not found in the literature. McFadden et al. (2000) 
reported that for every 10cm increase in height; the drivers tend to sit at least 3cm 
further away from the steering wheel. Parkin et al. (1995) reported shorter females 
tend to sit 21.5cm closer to the steering wheel hub than the larger male, at 50th 
percentile stature, female drivers were found to sit 6.2cm closer than male drivers. 
Several researchers have noted higher lower extremity injury risk among female 
drivers due to their relatively short stature and their proximity to steering wheel 
(Dischinger et al. 1995; Welsh et al. 2003; Crandall, Martin, et al. 1996; Ridella et al. 
2012; Parenteau et al. 2013). Crandall et al. (1996) postulated that the position of the 
foot/ankle during the crash is highly associated with an increase in lower limb 
injuries for shorter drivers. They conducted experiments in a driving simulator and 
found that smaller female drivers lift their feet from the floor-pan to brake whilst 
taller drivers were found to pivot the foot around the floor pan. Earlier researchers 
have stressed a higher risk of head injury for small drivers and the reason for this 
includes the fact that short stature drivers would be more likely to contact the 
steering wheel due to their proximity (McFadden 1998; Welsh et al. 2003). Welsh et 
al. (2003) analysed the UK CCIS data collected between 1992 and 2001 and found 
that drivers less than 160cm in height had a significantly higher risk of moderate to 
severe head injury. This reported higher head injury risk for smaller drivers could be 
due to the inclusion of older vehicles without airbag protection. The authors also 
found an increased pelvic injury risk among females from contact with the lower 
facia. Due to the foremost seat track position, female drivers are more likely to 
experience lower leg injuries than male drivers (Austin 2012). Kirk et al. (2002) 
analysed the effectiveness of frontal airbags in European vehicles, they found that the 
risk of head injuries significantly reduced in airbag equipped vehicles, mostly 
benefiting shorter drivers. However, unstable interaction with the deploying airbag 
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resulting in serious injury interaction with the airbag was noticed for drivers in close 
proximity with the steering wheel before impact. Latest studies have not shown a 
significant relationship between the gender and severe head injury outcome (Ridella 
et al. 2012; Parenteau et al. 2013). 
Generally, females have lower chest stiffness compared to males and the cross 
sectional area of their ribs and its bending stiffness are lower than for males 
(Kimpara et al. 2003). These changes could affect the biomechanical tolerance to 
chest injury in a collision among females. Accident studies examining the 
relationship between thoracic injury risk and gender in frontal impacts have reported 
a higher chest injury risk for females (Lenard & Welsh 2001; Parenteau et al. 2013). 
However, these gender based studies were not controlled for occupant age. Studies 
have found the greater rate of bone degradation with ageing among females than 
males. Post-menopausal osteoporosis is one of the main reasons for the decrease in 
bone mineral density (Seeman & Delmas 2006). This means older females are more 
fragile and more likely to die than men of the same age from the same physical 
impact (Evans 2001b). Using NASS-CDS and CIREN data, Ridella et al. (2012) 
analysed the effect of age on AIS 3+ injury risks while considering important crash 
factors and gender. From multivariate logistic regression analysis, they reported that 
thoracic injury risk increases with age and gender had a significant effect such that 
the risk of sustaining an AIS 3+ injury for older women was significantly higher 
relative to younger women than were older men relative to younger men. 
2.7.3 Body Mass Index (BMI) 
Occupant body habitus can possibly influence the accident outcome. The number of 
obese people (BMI ≥ 30 kg/m2) is projected to increase in major motoring regions 
and obesity is recognised as a public health problem. The current regulatory crash 
test provides protection primarily for the mid-size male (BMI= 24.3 kg/m2), however 
this test procedure may apply to fewer and fewer of the population due to the 
increase in obesity. In the United States, approximately 72 million people, over one-
third of the adult population are obese (Rupp et al. 2013). In the UK, the level of 
obesity has tripled in the last two decades (Viano et al. 2008). The prevalence of 
obesity in Australia was projected to reach 34.1% by 2030 compared to 25.7% in 
2008 (Shi et al. 2014). 
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Several studies have examined the influences of BMI on injury risk in motor vehicle 
crashes. Arbabi et al. (2003) and Wang et al. (2003) reported that, in a vehicle 
collision, the increased amount of adipose tissue in obese occupants may provide a 
cushion effect in which the adipose tissue can provide a protective barrier to the 
internal organs, especially to organs in the abdominal region. An opposite negative 
effect was suggested by Viano et al. (2008) who reported that obese individuals 
possess more kinetic energy in a crash because of their greater mass and they require 
greater restraint forces to prevent contact to the vehicle interior in a frontal crash. 
Cormier (2008) suggested that the obese occupant may not utilise the correct 
geometry of the belt system, which may increase the injury risk by moving the belt 
away from the bony structures of the body. A similar observation was made by Reed 
et al. (2012) who found that the increased soft tissue for obese occupants may affect 
the seat belt fit by effectively introducing slack in the seat belt system through 
changing the routing of the belt relative to the underlying skeletal structure, 
increasing the risk of submarining and lower extremity injury from hard contacts 
with the vehicle interior. 
Mock et al. (2002) reported that an increase in occupant body weight is associated 
with increased mortality in automotive crashes. Rice and Zhu (2014) examined the 
association of obesity with death risk among drivers using the FARS database. From 
the results, the authors suggested that obese drivers are more likely to die from traffic 
collision- related injuries than non-obese occupants involved in the same collision. 
Boulanger et al. (1992) found obese occupants were more likely to have rib fractures, 
pulmonary contusion, pelvis fractures and extremity fractures and are less likely to 
have head trauma and liver injuries compared to non-obese occupants. 
Rupp et al. (2013) examined the effects of BMI on the risk of serious to fatal (AIS 3+) 
injury to different body regions for adults in frontal crashes. They applied a 
multivariate logistic regression to the data sample generated by combining NASS-
CDS data with a pseudo weighted version of the CIREN database. Based on the 
results, it was observed that, in frontal impacts, an increase in BMI increased the risk 
of spine, lower and upper extremity injuries. They estimated a reduction of AIS 3+ 
injuries to the spine, lower and upper extremity by 28%, 8% and 7% respectively if 
no occupants in frontal crashes were obese. 
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In a matched pair analysis conducted with NASS-CDS data collected between 1993 
and 2004, Viano et al. (2008) reported that obese (BMI>30.0 kg/m2) drivers 
exhibited approximately 97% greater risk of fatality and 17% higher risk of serious 
injury (MAIS 3+) than normal BMI drivers (BMI=18.5-25.0 kg/m2). The 
corresponding increase in injury risk for obese passengers was 32% and 40% 
respectively. They also found that the effect of occupant mass is greatest in obese 
female drivers and young drivers. 
Zhu et al. (2010) investigated the effect of BMI on fatally injured occupants using 
NASS-CDS data (2001-2005). Gender specific logistic regression models showed a 
correlation between obesity and serious injury to the upper body region including the 
face, thorax and spine in male drivers. In the high BMI range, compared to females, 
men were more likely to sustain serious injury in all body regions except the 
extremities and abdomen. Zhu et al. suggested that the greater risk among men may 
be attributed to differences in body shape, fat distribution and centre of gravity 
between obese and normal weight subjects between both genders. 
Kent et al. (2010) performed sleds tests at 48km/h impact using three obese and 5 
non-obese cadavers. The kinematics and the injury mechanisms of the two subject 
groups were compared. They reported greater forward displacement and less forward 
motion to the torso for heavier subjects compared with non-obese subjects. Kent et al. 
suggested that the observed kinematics may reduce the risk of head contacts with the 
vehicle interiors. However, it was suggested that the reclined torso may induce rib 
and pulmonary trauma due to concentrated seat belt forces acting on the lower thorax 
and upper ribs and clavicle. This implies that the cushioning effect may not always 
result in injury reduction for the belted obese occupants. 
In a recent study, Shi et al. (2014) performed numerical simulation analysis using 
human body models to examine the effects of obesity on occupant responses in 
frontal impacts. In their study, the obese occupant sustained greater injury risk to the 
thorax and lower extremities compared to the non-obese occupants. The authors 
concluded that the increase in injury risk was due to increased body mass and 
relatively poor belt fit due to soft tissues for obese occupants. 
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2.7.4 Crash Characteristics  
Diversity is not limited to occupants; frontal crash characteristics are not all the same. 
Some of the important crash characteristics that influence injury outcome are speed, 
intrusion, and percentage loading across the vehicle front end (overlap). 
Impact speed is one of the basic factors dictating injury outcome. Higher speed 
generally relates to severe injury to the vehicle occupant as well as to occupants of 
the opposing vehicle. However, the exact relation between speed and crash severity 
for a vehicle to vehicle impact depends on various factors including magnitude of 
impact, mass difference between vehicles and also the stiffness of the vehicles 
involved (Richards 2010). The amount of occupant energy varies with the crash 
severity and if the vehicle restraint systems are optimised for one such severity 
condition, then its function may be suboptimal in crashes of different severity. For 
example, if a restraint system is optimised for high severity impacts like the 
EuroNCAP test, then the restraint may be too stiff for commonly occurring low 
severity impacts. In such scenarios, the ride down space will not be fully utilised 
leading to potentially higher than required occupant deceleration, and potentially 
increased injury risk to the occupants.  
The crash overlap is another important factor which influences the injury of car 
occupants in a frontal crash. A fully overlapping frontal impact typically produces 
high acceleration levels and it will test the belt system much more severely than a 
frontal offset impact which will have greater deformation and tests the vehicle 
structure for intrusion resistance. This implies that good restraint performance in an 
offset frontal may not equate to good performance in a full overlap crash. In an ideal 
situation, the restraint system should perform well for the softer pulse generated in an 
offset impact as well as in a full width impact where the decelerations are at higher 
levels. Recent European accident analyses have shown that many injuries are 
attributed to high overlap frontal impacts with the possibility of high acceleration 
levels. Cuerden et al. (2007) reviewed the real world impact of current European 
offset frontal impact test configuration using UK CCIS data. They found that more 
than half of the MAIS 2+ injured drivers had sustained their injuries in impacts with 
more than 40% overlap, and 31% of MAIS 2+ injures to drivers were in crashes 
which involved direct loading to both the vehicle longitudinals. Analysing the UK 
(CCIS, Hassan et al.1995) and German (GIDAS, Otte et al. 2003) in-depth accident 
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data, Edwards (2009) reported that the distributed damage (engaging both 
longitudinal) is the most frequent location of damage for drivers of all injury 
severities and the GIDAS analysis showed that the distributed damage has the 
highest proportion of MAIS 2+ injury risk. From these findings, Edwards 
emphasised the need for an additional full width test in Europe. Additionally, the 
trauma and injury pattern of small offset (partial) overlap impacts are different from 
the wider offset crashes (Pintar et al. 2008). Small overlap impacts primarily affect 
the outer vehicle edges, which are not well protected by the crush zone frontal 
structures4. Also, there is a whole range of frontal crashes between full overlap and 
small offset at different angles to that used in tests. All of these factors have bearing 
on how the restraint and vehicle structure performs. However, the current legislation 
requirement does not account for these changes. Testing the crashworthiness of 
vehicles in wider crash scenarios including different impact speeds and front end 
overlap has potential to further improve the current casualty situation. 
Vehicle compartment intrusion in an impact mainly compromises the available 
occupant survival space and in turn the effectiveness of restraint functions. Intrusion 
into the vehicle compartment increases the odds of severe injury in head-on frontal 
impacts (Conroy et al. 2008). Intrusion in a frontal impact depends on various factors 
including impact speed, overlap type and vehicle structure of the subject vehicle and 
the collision partner. Cuerden et al. (2007) found that in the UK, for drivers, 80% of 
moderate (MAIS=2) injuries and approximately 50% of MAIS 3+ injuries in frontal 
impacts occur with no or limited intrusion of the passenger compartment. However, 
it was found that the fatality rate for drivers was higher when the intrusion measured 
at the facia top was greater than 10cms (47%) when compared to the impacts with 
less intrusion ( <10cms) (27%). Based on the UK CCIS and German GIDAS 
accident data, Johannsen et al. (2011) reported that, the cause of ‘most severe’ injury 
for 22% of the AIS 2+ occupants was attributed to ‘contact with intrusion’ and that 
injury was mainly to the legs (46%) with some to the thorax ( 30%) and head (10%). 
This analysis included cars compliant with UNECE regulation 94 involved in frontal 
impact. 
                                                 
4 http://www.iihs.org/iihs/ratings/ratings-info/frontal-crash-tests 
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2.8 Review of European Accident Analyses on Injury outcomes 
Accident data analysis reports were reviewed to assess the current frontal impact 
casualty situation in Europe. Since smart restraints are currently not common, this 
review will form the basis for determining the injuries that are a priority of 
prevention to be considered while developing smart restraint systems. 
Before the introduction of the current frontal impacts tests, the head (including face) 
was the most frequently injured body region at AIS 2+ level for drivers (Lowne 
1994). Most of those head and facial injuries occurred was from contact with the 
steering wheel. Since the introduction of the European frontal test procedures, the 
airbag has become a common restraint feature in the front seating position. This has 
reduced the chance of head contact with the vehicle interiors, in turn reducing the 
head injury frequencies in frontal impacts. The effectiveness of an airbag in 
protecting the head and facial injuries has already been discussed (Section 2.6.6). 
This suggests that, in a crash, modern vehicles are more efficient in reducing the life 
threatening head injuries. 
Frampton et al. (2002) analysed the GB accident database, STATS 19, to examine 
the gross changes in casualty patterns between newer and older vehicle cars. The 
crash trends were estimated using the accidents that occurred in the calendar years 
1997 and 1998. In addition to the STATS 19, Frampton et al. also used CCIS data 
(1992-2001) to examine the injury risk to specific body regions of belted drivers in 
frontal impacts. They reported a substantial reduction in the predicted risk of AIS 2+ 
head injury for belted drivers in newer cars. However, no major reduction in the 
incidence of AIS 2+ chest, thigh and below the knee injuries was found in newer 
model cars. This finding suggests the need for improved thorax and lower extremity 
protection. 
Based on the UK CCIS data, Frampton et al. (2004) reviewed the relationship 
between EuroNCAP ratings and real world injury risk. In the sample of 653 crashes 
analysed, the rate of AIS 3+ head injury was only 1%, compared to a 4% rate for 
chest injuries. The rate of AIS 2+ upper leg injuries was 6%; the lower leg rate was 
less than 1% and the ankle/foot rate was 6%. They noted that no relationship was 
found between the chest protection scores for EuroNCAP and the occurrence of AIS 
3+ injury in real world crashes, even though the groups of real world accidents were 
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comparable for crash severity, overlap and driver age. A study of factors related to 
serious chest injury showed a mean impact speed of 41 km/h with more than 50% of 
injuries occurring in the full overlap condition. They associated the limited 
effectiveness of real- world chest protection in cars with high chest protection ratings 
to be due to a high occurrence of full overlap impacts, for which the safety 
performance may not be tuned. They highlighted the presence of further scope to 
improve chest protection. Based on the results, Frampton et al. concluded that the 
EuroNCAP test was extremely effective in reducing the risk of head injury. 
Therefore in terms of life-threatening injuries, chest protection should be given more 
priority. 
Welsh et al. (2006) investigated the UK CCIS data of cars manufactured from 1998 
in order to examine the injuries to different body regions sustained by occupants. 
They noted that at the AIS 2+ level, the lower extremity and chest injuries were the 
most frequently injured body regions in frontal impacts. However, head injuries were 
found to be most expensive because of the associated risk of death and extreme 
disability. They also reported that, in a non-fatal subset, the lower extremity injuries 
were the most frequent and the most costly injuries. Out of all AIS 2+ injuried 
occupants, around 8% had sustained foot/ankle injuries. Despite lower extremity 
injuries being not especially life-threatening, they are strongly associated with long-
term disability and impairment, therefore, expensive in nature. Based on these results, 
Welsh et al. emphasised the need for improved protection of the lower extremities. 
Welsh et al. also reported that the chest injury rates for front seat occupants in frontal 
impacts have improved in newer cars (1998 onwards). The improvements were seen 
especially at AIS 2+ and AIS 3+ levels. The rate of vessel and organ injuries in new 
cars had reduced by more than half compared to the pre-1992 cars. This was not the 
case for skeletal injuries, which remained a large proportion of all AIS 2+ injuries 
received in frontal impacts. They also noted that around 54% of the AIS 2+ injuries 
were a fracture to the sternum, which are commonly uncomplicated in nature and 
generally lead to full recovery. 
More recent studies (Carroll, Cuerden, et al. 2009; Cuerden et al. 2007) reiterated the 
fact that thoracic protection is the priority in a frontal crash. Analysing the UK CCIS 
data with cars registered in 2000 or later that had frontal impacts, Carroll et al. found 
that the incidences of thoracic injuries have superseded the head and pelvis injuries at 
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all injury severity levels (AIS 1, 2, or 3+). For their killed or seriously injured (KSI) 
occupant sample, the chest was the most frequently injured body region. 42% and 22% 
of the KSI occupants had sustained AIS 2+ and AIS 3+chest injuries respectively. 
KSI occupants above 45 years of age were at greater risk of sustaining thorax injuries 
than younger adult occupants. Similarly, KSI occupants above 65 years were more 
likely to sustain AIS 3+ thoracic injury compared to occupants less than 65 years of 
age. They observed very few thorax injuries occurred at impact speed of 50 km/h or 
more. Rib fractures and sternum fractures were the most frequent injuries in the 
sample of the occupant with a torso injury (shoulder, thorax, and abdomen) at the 
AIS 2+ injury level. At the AIS 3+ injury level, lung injuries with and without 
accompanying rib fracture were the most frequent torso injury combinations in the 
sample of occupants. 
2.9 Smart Restraints  
Accident outcomes in a crash are strongly influenced by characteristics of the vehicle 
occupant and crash. However, standard restraint systems rarely adapts to these 
characteristics. These observations have been the motivation for potential for 
adaptable restraint systems to improve occupant protection beyond the current levels. 
Chan (2000) defines a smart restraint as: 
A system that deploys safety restraint devices only to the extent that is needed 
according to the conditions of the crashes, the vehicle and the occupants to 
minimise the risks and to improve benefits. 
Smart restraints are aimed at providing optimum benefit to occupants across a wider 
spectrum of conditions. They do this by adapting to the specific impact conditions 
and different occupant positioning and biomechanical tolerance (Neale & Couper 
2005). To adapt the restraint systems for a wider cash scenario, it is necessary to 
receive and process extensive pre-crash information including occupant size and 
weight, seating position, crash type and severity. To achieve protection for a diverse 
range of crash scenarios, Cuerden et al. (2001) suggested that the ideal restraint 
device would be tailored to the following variables: 
• The type and severity of the specific crash pulse. 
• The specifics of the compartment geometry and crush properties of the car. 
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• The characteristics of the occupant in terms of gender, age, stature and weight. 
• Individual tolerance to injury and predisposed medical conditions. 
• The specific sitting position of the occupant. 
The following sections discuss some of the smart restraint systems which are 
currently fitted in the vehicle and those in the conceptual stage. 
2.9.1 Reversible Belt Pre-tensioning 
Reversible safety belt pretensioners allow the seat belt to be tightened prior to the 
deployment of a pyrotechnic pretensioner if the driving situation is identified as 
critical. This system can be reset and operate, therefore the component doesn’t 
require replacing after deployment. This system was first introduced in 2003 by 
TRW as the Active Control Retractor and is now becoming common on vehicles in 
the UK (Mages et al. 2011; Hynd et al. 2011). This system generally uses electric 
motors to remove slack in the belt and if the emergency situation is avoided or 
corrected the system will return to its normal state and would not require any 
component replacement. The primary goal of a reversible pretensioner is to remove 
belt slack before inertial forces cause the occupant to leave the nominal position. 
Mages et al. (2011) identified that this system would be more useful in situations 
where the occupant is moving out of his initial position prior to the crash therefore 
has potential to reduce the chance of occupant contacting the deploying airbag, also 
termed as ‘bag slap’, an injury inflicting scenario. 
2.9.2 Variable Load Limiters 
Seatbelt load limiters have evolved to achieve a desired pattern of seat belt force with 
a multi-deformable part-mechanism enabling adaptive capabilities. By triggering two 
or three deformable components with different combinations, these load limiters 
could provide two or three predetermined levels of seat belt force. For example, 
Autoliv’s two stage degressive load limiter5 maintains relatively high constant belt 
force during the onset of the crash, restraining the occupant in the seat. As the 
occupant moves forward and into the airbag, the load limiter force is switched to a 
lower threshold. This system provides a high and relatively even load on the 
occupant’s chest during the whole crash. However, these systems are not capable of 
achieving continuous, infinite levels of load limiting and cannot meet the optimal 
                                                 
5 http://www.autoliv.com/productsandinnovations/passivesafetysystems/pages/seatbelts/retractor.aspx 
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requirement of occupants with different attributes involved in different crash 
conditions. 
Advanced concepts for realising continuous and even real-time adjustable seat belt 
load limiters through a motorised seat belt retractor or equipping seatbelt retractor 
with a rotary brake or using magnetorheological fluid have been studied (Wang & 
Zhou 2009) and are still in experimental stage. 
2.9.3 Multi-Stage and Variable Airbags 
One of the main challenges of the airbag is to protect occupants of different sizes 
involved in various different crash types. Unlike single stage inflators, multistage 
inflators will either not fire the airbag or control the inflation energy provided with 
the energy needed for optimum occupant protection. 
The numerous fatalities associated with the airbag deployment aggressiveness in the 
early 90’s motivated research into the design of dual stage inflators. The main 
intention of the dual stage inflator was to prevent the aggressive deployment of the 
airbag whilst an unbelted occupant or an out of position occupant (particular smaller 
drivers in close proximity to the airbag) is present. If the system detects that the 
occupant is not wearing the seat belt or is out of position or the crash severity is low, 
then the inflation can be depowered. The lower threshold generally offers 20 to 30% 
reduction of all available force (TUG 2005). If the system has detected any scenario 
which needs a lower deployment rate then only the first stage inflation is triggered. 
Otherwise, the inflator deploys both the first and second stage together. This 
provides the necessary inflator output to provide optimised performance across the 
entire range of vehicle crash situations. Also, if the front passenger seat is not 
occupied or occupied by a rear facing child the deployment of the airbag can be 
turned off either manually or using an occupant classification system. 
A typical occupant classification system detects the physique and existence of the 
seat occupant. This system uses occupant weight sensors to sense the information 
about the occupant. The Delphi Automotive Systems Passive occupant Detection 
System (PODS-D) (Delphi Automotive 2011) is able to classify front seat occupant 
as either ‘empty’, ‘child/adult’ or ‘adult’. It use a bladder based sensor mat to 
measure the pressure acting on the seat. This sensed information is then processed 
for optimum airbag deployment. 
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Variable Output Inflators (VOI) are capable of adjusting the inflator mass flow rate 
into an airbag, continuously (TUG 2005). Electronic systems are generally used to 
adjust the energy output with a response time less than 3 milliseconds. Such systems 
are controlled by the Electronic Control Unit (ECU), continuously acquiring the 
sensory input about occupant and crash conditions to be used for controlling the 
airbag inflation output. 
2.9.4 Adaptive/Active Airbag Venting 
In a standard airbag, the venting characteristics are fixed and are provided by simple 
vent holes at the rear of the airbag cushion. Active airbag venting varies the venting 
characteristics through opening an additional vent area within the cushion or housing. 
This is either achieved by a pyrotechnic bolt or tether cutter (Hynd et al. 2011). In 
TRW’s6 Self-Adaptive Venting technology, detection of an OOP occupant will 
prevent the bag from tensioning the tether thus allowing the vent to remain open. 
During normal operation, the tethers will tighten as the bag begins to fill, closing the 
vent and allowing the bag to fill and pressurise. 
2.9.5 Effectiveness of Smart Restraints 
Cuerden et al. (2001) predicted the potential effectiveness of future adaptive 
restraints in terms of injury reduction for frontal impacts. In depth UK accident data 
(CCIS) collected between 1992 and 2000 were analysed. ‘Injury Severity Matrices’ 
were produced for different driver groups (shorter drivers, heavier drivers, older 
drivers and other drivers) and all crash types (all low energy, moderate energy and 
low intrusion, moderate energy and high intrusion, high energy and low intrusion, 
and high energy and high intrusion). Potential injury reductions of an adaptive 
restraint for a certain group of drivers, given the crash severity and type of injury, 
was estimated theoretically. Both pessimistic and optimistic potential reductions in 
the severity of injury to body regions were assigned, providing a subjective range. 
The estimated potential effectiveness is shown in Table  2.5. 
The overall effectiveness of adaptive restraint systems for MAIS 2+ injuries was 
estimated at 33% and for MAIS 3+ injuries between 14% and 25%. The result 
obtained was subjective, but it was intended to estimate a range of results for a range 
                                                 
6 http://www.trw.com/sites/default/files/TRW_ossswsdab_driversave_en.pdf 
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of scenarios, for a future theoretical adaptive restraint system. However, this study 
has not specified any details of such an adaptive system. 
Table  2.5 Potential effectiveness of adaptive restraints (Cuerden et al. 2001) 
 
Holding et al. (2001) investigated the performance of an adaptive restraint system in 
frontal impacts. They conducted dynamic sled tests with 5th, 50th and 95th percentile 
ATDs in frontal impacts of either 48km/h or 30km/h. The restraint variability 
considered included airbag size, vent size or firing time as well as pretensioner use 
and firing time, and load limiter use. They also studied the potential effectiveness of 
a sliding seat that moved rearwards at a low velocity just before impact to create 
more available space in front of the front seat occupants. Holding et al. found 
adaptive restraint systems in general provided substantial benefit. They also noted 
that if the system was not optimised or tested properly, it may have negative effects 
on the occupants. The general conclusions made from the study are given below: 
• Load limiting seatbelts have potential to reduce peak chest loading and the 
severity of whiplash if combined with a suitable airbag and sensing system. 
• Pretensioners can reduce peak chest and head accelerations when force and 
displacement are tuned to occupant size and BMI. 
• Adaptive airbags have the potential to improve occupant protection by 
accounting for changes in occupant mass, size and position. 
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• A moving seat concept can reduce injury substantially for smaller occupants 
and in some out of position cases, especially when coupled with occupant 
sensing and collision prediction. 
Clute (2001) studied the potential for switchable seat belt load limiters, capable of 
depowering the load limiting level after the prescribed time. Three sled tests with a 
5th percentile male, 50th percentile male and 95th percentile male Hybrid III dummy 
were performed to test the effectiveness of load limiters. Clute reported 
improvements in chest deflection outcome and AIS 4+ injury risk on head and chest 
for 5th and 50th percentile dummies using depowered load limiters. The author 
suggested applying the high load limitation characteristic to avoid the ‘airbag 
bottoming out’ i.e. occupant striking the steering wheel assembly through the airbag, 
by larger and heavier drivers. 
Zellmer et al. (2005) investigated the chest injury reduction potential of different 
pretensioners (retractor pretensioner, buckle pretensioner) and combinations of 
shoulder and lap belt pretensioners by conducting sled tests of USNCAP and 
EuroNCAP impact types. Additionally, a reduction of load limiter level was also 
considered to use the full space of dummy forward displacement gained by better 
occupant coupling. Zellmer et al. reported that with double pretensioners and an 
appropriately tuned load limiter, chest deflection and acceleration in both EuroNCAP 
and USNCAP can be reduced by about 20% -25% compared to single pretensioning. 
Ridella et al. (2005) assessed the potential of varying the restraint deployment 
parameters such as seat belt pretensioner type (single and dual), load limiting level, 
seat belt payout, the presence of an inflatable knee airbag and active airbag venting 
on reducing injury risks to 5th and 50th percentile dummies. The study modelled the 
interior of a typical Sports Utility Vehicle (SUV) and analysed the performance of 
these restraints on both occupant sizes. The injury outcomes from tests were 
converted into injury risk probabilities. Scaling factors were used to normalise and 
compare the injury risk of both dummy sizes. The overall performance of the tested 
restraint model was assessed using the Root Mean Square (RMS) value for injury 
calculated from injury risk probabilities of the head, chest and neck regions. The 
performance of the restraint system was ranked for each occupant type. The best 
restraint models for both the 5th and 50th occupant had low load limiting and airbag 
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venting. The optimum system design for the 50th percentile occupant used low or 
medium seat belt payout with no knee bag whilst the 5th required a high payout 
model with a knee bag. Additionally, the optimum restraint provided effective 
protection for differing occupant types (Table  2.6). 
Table  2.6 Occupant restraint parameters and RMS prediction from Ridella et al. (2005). 
Occupant RMS Pretensioner Load 
limiter 
Belt 
Payout 
Airbag 
Venting 
Knee 
Bag 
5th  0.565 A Medium High Yes No 
50th  0.565 C Low Low Yes No 
Iyota and Ishikawa (2003) studied the effect of tuning characteristics of an airbag and 
a seatbelt to various occupant physiques. MADYMO simulations were conducted 
with the numerical layout of a typical small car in 56km/h full frontal impact against 
a rigid barrier. The physique of the dummy determined the seat fore aft positions. 
The smaller dummy was seated in the foremost position, the 50th percentile dummy 
in the middle position and the 95th percentile dummy in the rearmost position. The 
authors reported that when a restraint optimised for average size occupants was used 
for smaller occupants; the forces experienced by the smaller occupants were too 
strong, increasing the chest injury risks. Conversely, the larger occupant struck the 
steering wheel due to insufficient force to restraint the occupant increasing the head 
and chest injury risks. They concluded that a) the expansion of the airbag vent-hole 
area and reduction of load limiter threshold has potential to reduce HIC and chest 
acceleration of the 5th percentile female dummy b) the reduction of the vent hole area 
and increase of load limiting threshold can produce the same effect for the 95th 
percentile dummy. 
The BOne-SCanning for Occupant Safety (BOSCOS) project (Hardy et al. 2006), 
studied the possibility of optimising the restraint system by measuring the skeletal 
strength of each vehicle occupant. The study postulated that by knowing the skeletal 
strength, load limiter threshold can be set at optimum levels in keeping with the 
occupant’s ability to withstand the seat belt load without risking serious chest injury. 
MADYMO simulations with the 50th percentile dummy were performed in the driver 
seat in varying impact scenarios broadly representing real world crashes. The study 
then used injury risk curves to convert the chest injury output from each simulation 
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to a relative AIS 2+ injury risk. It was found that by tuning the load limiter parameter 
for occupant skeletal strength, the risk of sustaining an AIS 2+ seat belt induced 
chest injury can be reduced for older occupants in low speed impacts. The UK CCIS 
data was then used to relate the estimated AIS 2+ chest injury risk reduction into real 
world injury benefit. The study found that a reduction of approximately 20% in the 
cost of chest injuries could be achieved if load limiter was optimised for older drivers 
but in low speed crash. While estimating the benefit, the study assumed that, if all 
vehicles in the accident sample had a BOSCOS system then all older occupants who 
had their AIS 2+chest injuries previously from the seat belt in low speed impacts 
would then sustain an AIS 1 level chest injury. This assumption gave an optimistic 
estimate because in reality a reduction in AIS 2+ injury risk does not always mean a 
reduction in AIS severity scale. This is one of the drawbacks of the study. Also, the 
study did not account for variations in injury risk with respect to change in occupant 
size and also the benefits of the adaptive load limiters for front seat passengers were 
not investigated. 
2.10 Key Findings 
The review of literature presented the background of the research to guide this thesis. 
It was identified that, in frontal impacts, the occupant and crash characteristic plays a 
significant role in the injury severity outcome. The occupant age was found as a 
primary factor influencing the injury severity outcome. It was identified that 
population of older vehicle users will grow substantially in the future and their higher 
risk of chest injuries, compared to younger people, are well established. Studies have 
also suggested that the significant proportion of chest injuries to older occupants 
occurs at low and moderate impact severities well below current regulatory and 
consumer testing. Belt loads play a significant role in increased chest injury risk for 
the elderly. Furthermore, female front seat occupants and occupants with higher body 
mass index were identified as a relatively high risk group, mainly due to their stature.  
The review of accident analysis identified that, in frontal impacts, thorax injuries 
have become the most frequently occurring life threatening injuries. The proportion 
of injuries to lower and upper extremities at AIS 2+ level is also high. Although 
generally not life threatening, they have profound implications for affecting the 
quality of life. The review established the effectiveness of the restraint system, 
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especially airbags, in reducing head injury risk. Accident analyses showed that the 
risk of serious head and face injuries were reduced considerably with the 
introduction of the frontal airbags encouraged by the regulatory and consumer frontal 
test programmes. 
This chapter comprehensively detailed the effectiveness of the ‘single point’ restraint 
system and also its shortcoming on adapting for occupant and crash characteristics. 
The review also examined the studies on the smart restraint system that has potential 
to improve occupant protection. This includes providing optimum chest protection to 
older occupants in low and moderate severity collisions, even though the potential 
for smart load limiting systems to reduce injuries in high severity impacts may be 
relatively limited. 
It was observed that chest injuries are still a major concern and as many of these 
injuries are caused by the belt, adaptive load limiters could benefit. Since smart 
restraints are not currently widespread, the real world benefits were mostly not 
quantified in many previous studies. Cuerden (2001) estimated the benefit but only 
based on hypothetical knowledge of the effectiveness of smart restraints. The 
BOSCOS project (Hardy et al. 2005) estimated the benefit of smart load limiters for 
the UK population using CCIS data. However, the study didn't include factors such 
as occupant size and seating positions. The estimated benefit could possibly be on a 
higher side due to considered assumptions. Therefore, the gap in quantifying the real 
injury benefit still exists. Moreover, the effectiveness of the smart restraints to the 
front seat passenger is not clear, as most of those reviewed analysis was based on the 
drivers. 
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Chapter 3 Effect of Occupant and Crash 
Characteristics on Injury Outcome in Frontal 
Crashes 
3.1 Introduction 
Real world accident and injury data are essential to assess the potential for any safety 
system that aims to reduce the risk of injury in road accidents. This chapter aims to a) 
identify the target population of vehicle occupants and frontal impact scenarios 
where employing smart load limiters can be most beneficial particularly in reducing 
the chest injury risk, b) support the literature review in terms of exploring issues 
relating to the diversity groups such as human factors (e.g., age, gender) and crash 
characteristics (e.g., impact speed, overlap distribution) in frontal impacts and c) 
provide a framework for the later quantification of casualty gains. The UK in-depth 
Co-operative Crash Injury Study (CCIS) data was used in this study to investigate the 
real world accidents. 
3.2 Co-operative Crash Injury Study (CCIS) 
The UK Co-operative Crash Injury Study (CCIS) data collected between 1998 and 
2009 was used in this study. CCIS collected in-depth crash and injury information 
from selected geographical regions representing urban and rural roads in Great 
Britain (Mackay et al. 1985; Hassan et al.1995).The main objective of the CCIS was 
to record and collate the details of vehicle crashworthiness and effectiveness of 
restraints and other employed vehicle safety countermeasures. The ultimate objective 
of the data gathered was to assist the UK Government and vehicle manufacturers to 
improve occupant safety in road accidents. The data was collected by multi-
disciplinary teams from the Birmingham Automotive Safety Centre of the University 
of Birmingham, the Vehicle Safety Research Centre at Loughborough, TRL Limited 
and the Vehicle & Operator Services Agency (VOSA). 
The CCIS study utilised a stratified sampling procedure and it was based on the UK 
government’s classification of accidents as ‘no injury’, ‘slight’, ‘serious’ and ‘fatal’ 
as explained below: 
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Fatal Death within 30 days of the crash. 
Serious  Injuries serious enough to warrant hospitalisation or serious injuries 
such as fractures and severe lacerations.  
Slight   Injury is requiring minor treatment at an outpatient ward or at the 
road side. 
No Injury  No reported or observed injury. 
The study investigated some 80 percent of ‘serious’ and ‘fatal’, and 10-15 percent of 
‘slight’ injury crashes in the sample regions. Consequently, the slight injury records 
were under-represented in the data, and the sample was biased toward more serious 
crashes. The following are the basic selection criteria for the case to be included in 
the database. An accident was included in the sample if (a) it occurred in one of the 
specified sample regions, (b) at least one occupant of a passenger car (7 years old or 
less at the time of the crash) was injured according to the police assessment, and (c) 
the vehicle was towed from the accident scene. 
Vehicle inspections were undertaken at recovery garages several days after the 
collision. The database contained detailed information on vehicle crash severity 
estimated by the Equivalent Test Speed (ETS), structural performance and restraint 
performance together with photographic documentation of the vehicle exterior and 
interior along with forensic evidence relating to the injury causation.  
The study also provided detailed information about vehicle occupants, including their 
age, seating position, restraint type, and seat belt use. Injury information was 
collected from the hospital records, coroner’s reports and questionnaires (which are 
sent to the majority of persons involved). The gathered information about the injuries 
were coded using the Abbreviated Injury Scale (AAAM 1990). Detailed injury 
information including Maximum Abbreviated Injury Score (MAIS) and maximum 
AIS by body region was also recorded. 
3.3 Selection of Data 
The CCIS database contained detail information about vehicles and occupants 
involved in 10611 accidents. It included 19240 individual events, of which a 
majority (46%) were frontal impacts, 38% were side impacts and 8% were rear side 
impacts. In the sample, 50% of the occupants who were killed or seriously injured 
(KSI) had been involved in a frontal impact. 
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3.3.1 Impact Type 
To limit the analysis to examine relatively modern cars, selection criteria were used 
to create a working database. This research is intended to examine only frontal 
impacts and potential for a smart load limiter application in such impact type. Frontal 
impact with the principal direction of force (DoF) between 11 and 1 o’clock was 
included for the analysis. The DoF uses the clock face, where a 12 o’ clock impact 
would be directly into the front of the vehicle, 11 o’ clock and 1 o’clock would be 
angled 30 degrees from the longitudinal vehicle axis on left and right side 
respectively. Impacts with the DoF at 10 or 2 o’ clock was not considered because 
there is a likely chance of seat belt slipping from the occupant shoulder and occupant 
missing the airbag due to significant lateral components in occupant’s motion. 
Vehicles involved in more than two impacts in an accident were not considered for 
the analysis mainly because, the mathematical simulation of such an accident needs 
more detailed crash information and modelling of such scenarios is complex due to 
its inherent variability. In case of a two impact collision, the frontal impact which 
was determined to be the most significant in causing injuries was selected. 
Only vehicles manufactured from year1996 was considered for the study. In addition, 
each accident was selected from the sample only if the information on crash severity 
as measured by the ETS was available. Table  3.1 show the number of events 
remaining after each selection criterion was applied to the total sample of 19240 
cases. These yielded 4052 vehicles, the majority of the vehicles (88%) had been 
involved in single collision. 
Table  3.1 Number of events selected with inclusion criteria. 
S. No. Selection Criteria No. of vehicles selected 
1 One frontal impact or two impacts with frontal being significant  7264 
2 No Rollover 7007 
3 DoF (11, 12 or 1 'o clock) 6542 
4 Vehicle manufactured year ≥ 1996 5031 
5 No Underrun 4750 
6 Availability of ETS 4052 
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3.3.2 Occupant Type 
The sample had 4762 front seat occupants (driver and front seat passengers) who 
were aged above 15 years. Of those occupants in the sample, 79% were drivers and 
21% were front seat passengers (FSP). Rear seat occupants, occupants below 15 
years of age and pregnant women were not considered. The application of the smart 
restraint systems can be extended to include the rear seat passengers and this study 
could provide the basis for such future analysis. Furthermore, details of the injury 
were missing for 339 (7%) occupants and were excluded from the study. 
3.3.3 Restraint Type 
This research is mainly focussed on optimising the seat belt restraint system. The 
unbelted occupants are unlikely to have any advantage from a smart load limiter. 
Therefore, only belted occupants were considered for the analysis. 
A record was then chosen only if the occupant was equipped with both frontal airbag 
and seat belt pretensioner. Then the data was queried for the presence of a seat belt 
load limiter. In the CCIS database, information recorded about the load limiter was 
inconsistent and inaccurate, possibly due to difficulty in finding the evidence about 
the fitment and deployment of such system. An attempt was therefore made to recode 
the availability of the load limiter for each case using publicly available details from 
the EuroNCAP website7 and the PRISM project report (Mccarthy et al. 2005). The 
availability or unavailability of the load limiter was coded, if the vehicle model was 
fitted with the same safety devices such as airbags and seatbelt pretensioner, as the 
corresponding EuroNCAP- tested model. Otherwise, the presence of load limiter in 
the sample data was coded as unknown. From this method, 60% of the sample was 
found to have a load limiter, 15% had no load limiter and the presence of load limiter 
was unknown for a large proportion of the sample (25%). This suggests that, in the 
sample, the load limiter availability will be in the range of anywhere between 60% 
and 85%. Moreover, 70% of the vehicles in the unknown sample were manufactured 
from the year 2000 onwards, which are relatively modern cars. The chance of load 
limiter fitment in these vehicles when equipped with both airbag and pretensioner is 
high. Therefore, the fitment rate of the load limiter in the sample was assumed to be 
towards 80%.  
                                                 
7 http://www.euroncap.com/home.aspx 
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The load limiting threshold employed in each vehicle was not known. Industry 
intelligence suggests that vehicles manufactured early in the sample might have 
employed load limiter threshold as high as 6kN, dropping to 4kN as the vehicle 
structural performance was improved. Accordingly, occupants in vehicles fitted with 
frontal airbag and pretensioner were selected for the further analysis. The final 
working sample consisted of 2644 occupants of which 85% were drivers and 15% 
were passengers. 
3.3.4 Summary of Selection Criteria 
Below is the selection criteria used to create the working sample for this study. 
• Single frontal impact or two impacts with frontal impact being the most 
significant in causing injuries. 
• No rollover crashes. 
• No under-ride. 
• The principal direction of force (DoF) between 11 and 1 o’ clock. 
• Vehicles manufactured after the calendar year 1995. 
• Three point belted front seat occupants >= 15 years of age. 
• Vehicles with the frontal airbag, and seatbelt pretensioner. 
• Know injury outcomes and ETS. 
• No pregnant women. 
3.4 Weighting the Data 
Due to the sampling procedure (Section 3.2), slight injuries in the database were 
under-represented. This makes it difficult to use the CCIS data to interpret on the 
population as a whole. Therefore, weighting factors based on sampling percentage 
were applied to the data in order to give a representative population of crashes. The 
weighting proportions used in this study are as follows:  
• Fatal - 95% 
• Serious - 80% 
• Slight - 20% 
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Applying weighting factors to the frontal working sample (N=2644) gave 7729 front 
seat occupants consisting of 6644 (86%) drivers and 1085 (14%) front seat 
passengers.  
The occupant age was broadly categorised into three groups for this study namely: a) 
young: 15-39 years, middle- aged: 40-64 years and c) old: 65+ years. This 
classification was based on European road accident studies (Welsh, Morris, Hassan, 
et al. 2006; Morris et al. 2002). 
Table  3.2 compares the distribution of seating position, gender, age, ETS and injury 
severity outcomes between the unweighted and weighted sample. The proportion of 
drivers, females and younger occupants in the weighted sample increased compared 
to that of the unweighted sample. The weighted sample contained more records with 
ETS less than 30km/h compared to that of the unweighted sample. The number of 
occupants injured at MAIS 2 and 3+ levels reduced when the data was weighted. The 
proportion of AIS 3+ injuries in all body regions decreased with the weighting of the 
data. 
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Table  3.2 Distribution of seating position, occupant gender, age, ETS and injury severity 
for the weighted and non-weighted samples.  
Groups Unweighted (n) 
Unweighte
d 
% 
Weighted 
(N) 
Weighted 
% 
Seating Position     
     Driver 2234 84.5 6644 86.0 
     Front seat passenger  410 15.5 1085 14.0 
Gender     
     Male 1579 59.7 4553 58.9 
     Female 1065 40.3 3176 41.1 
Age Group (year)     
     15-39 1335 50.5 4108 53.2 
     40-64 945 35.7 2713 35.1 
     65+ 364 13.8 908 11.8 
ETS (km/h)     
     <15 289 10.9 1120 14.5 
     15-30 1297 49.1 4270 55.2 
     31-45 797 30.1 1936 25.1 
     >45 261 9.9 402 5.2 
Injury Severity     
     MAIS 0,1 1902 72.0 6469 83.7 
     MAIS 2 421 15.9 838 10.8 
     MAIS 3+ 321 12.1 421 5.4 
     
     Head AIS 3+ 64 2.4 83 1.1 
     Neck AIS 3+ 15 0.6 17 0.2 
     Chest AIS 3+ 165 6.2 203 2.6 
     Abdomen AIS 3+ 47 1.8 53 0.7 
     Pelvis AIS 3+ 22 0.8 29 0.4 
     Upper Ex. AIS 3+ 58 2.2 77 1.0 
     Lower Ex. AIS 3+ 147 5.6 193 2.5 
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3.5 Data Analysis Methods 
Descriptive statistic methods were used in this study to explore the data sample. 
Independent sample T-test and Chi-square test (Field 2009) were applied to test the 
relationship between crash characteristics. For all statistical tests, the significance 
level was set at a 95% confidence (p<0.05). Furthermore, logistic regression analysis 
was conducted to examine the relationship between each regional body injury and 
potential confounding factors. SPSS software Version 20.0 (IBM 2010) was used for 
all statistical analysis purpose. Unless otherwise stated, all further analysis used the 
weighted sample. 
3.5.1 Binary logistic Regression  
Binary logistic regression analysis is a statistical method used to predict the impact 
of a predictor (univariate) or a set of predictors (multivariate) on a categorical 
dependent variable. The aim of the analysis is to identify the best fitting model that 
assesses the relationship between a dependent variable and independent variable/s. 
The predictors can be continuous or categorical, or a mix of both in a model and the 
dependent variable must be categorical. 
The logit of the probability of injury P can be modelled as a linear function of the 
value of the predictors, xi, as shown in Eq. (3.1) 
𝑃𝑃 = 1
1+𝑑𝑑−𝑞𝑞
                                                      (3.1) 
Where:                                    𝑞𝑞 = 𝛽𝛽0 + ∑ 𝛽𝛽𝑖𝑖𝑋𝑋𝑖𝑖      𝑖𝑖                                            (3.2) 
is the logit function, β0 is an intercept, xi are the model predictors and βi are the 
coefficients associated with each predictor. 
The log-likelihood measure as expressed in Eq. (3.3) was used to assess the goodness 
of fit of two models (null and model with predictors). It is based on summing the 
probabilities associated with the actual and predicted outcomes (Tabachnick & Fidell 
2007). 
𝑙𝑙𝑙𝑙𝑙𝑙 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑑𝑑 = ∑ 𝑌𝑌𝑖𝑖 ln�𝑃𝑃(𝑌𝑌𝑖𝑖)� + (1 − 𝑌𝑌𝑖𝑖) ln(1 − 𝑌𝑌𝑖𝑖))] 𝑁𝑁𝑖𝑖=1              (3.3) 
The Cox & Snell Pseudo- R2 (Eq. (3.4)) and Nagelkerke Pseudo- R2 (Eq. (3.5)) 
provide an indication of amount of variation in the dependent variable explained by 
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the model (from a minimum value of 0 to a maximum value of 1) (Field 2009). The 
later method is widely used.  
Cox & 𝐺𝐺𝑆𝑆𝑙𝑙𝑙𝑙𝑙𝑙 𝑃𝑃𝑃𝑃𝑙𝑙𝑃𝑃𝑑𝑑𝑙𝑙 𝑅𝑅2 = 𝑅𝑅𝑐𝑐𝑐𝑐2 = 1 − 𝑙𝑙[−�2𝑖𝑖�(𝐿𝐿𝐿𝐿𝑘𝑘)−(𝐿𝐿𝐿𝐿𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛)]          (3.4) 
Nagelkerke Pseudo 𝑅𝑅2 = 𝑅𝑅𝑁𝑁2 = 𝑅𝑅𝑐𝑐𝑐𝑐2
1−𝑑𝑑
�
2�𝐿𝐿𝐿𝐿𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛�
𝑖𝑖 �
                     (3.5) 
A Hosmer-Lemshow (H-L) (Archer & Lemeshow 2006) test is an reliable method to 
measure the goodness of fit for binary response models. The null hypothesis of this 
test is that the model fits the data. In the SPSS, the dataset is roughly broken into 10 
(g) groups. The test statistic is then obtained by applying a chi-square test on 2 x g 
contingency table. The H-L goodness- of fit statistic is computed as shown in Eq. 
(3.6). 
χ𝐻𝐻𝐿𝐿
2 =  ∑ (𝑂𝑂𝑘𝑘 − 𝐸𝐸𝑘𝑘)2𝑔𝑔𝑘𝑘=1 /(ν𝑘𝑘)                                          (3.6) 
Where: 
χHL
2   = The Hosmer Lemshow test  O1k  = Observed number of events in the kth group E1k  = Expected number of events in the kth group 
νk    = Variance correction factor for the k
th group 
The test static follows a Chi-squared distribution with n-2 degrees of freedom. The 
poor fit is indicated by a significance value less than 0.05, to support the predictor 
model the significance value to be greater than 0.05.  
The odds ratio (OR) is a measure of an association between an independent predictor 
variable and a categorical outcome. In a logistic regression model, the odds ratio of 
the independent variable is measured as the exponential function of the coefficient 
associated with the independent variable (β), (𝑙𝑙. 𝑙𝑙.𝑂𝑂𝑅𝑅 = 𝑙𝑙𝛽𝛽). When a calculated OR 
is exactly one, it means that the change in the independent variable does not affect 
the odds of outcome. When the confidence interval of the OR is not equal to 1, it 
implies that a statistically significant association exists between the variable and the 
outcome. 
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3.6 General Characteristics of the Sample 
The general characteristics of the occupants, crashes and injury outcomes by seating 
positions are shown in Table  3.3. The data is presented as means for the continuous 
variables and as percentages for the categorical variables. The characteristics 
between the two front seating positions were compared by using T-tests (for 
continuous variable) or chi-square tests (for categorical variables). If a data was not 
available for a case, then it was not included for that particular analysis. An asterix 
notion is given if the difference between the two samples is statistically significant.  
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Table  3.3 Weighted sample characteristics and injury outcomes, by seating position. 
Description Units Category All Driver Passenger 
Sample 
size  N   7729 6644 1085 
 
Occupant Characteristics, mean or % 
 
Gender % 
male 58.9 62.9* 34.5 
female 41.1 37.1 65.5 
Age  yr mean 40.8  40.6* 42.2 
Height 
cm mean 171.0 171.8 * 168.2  
% unknown 51.9 51.7 52.9 
Weight 
kg Mean 76.3 76.6* 74.4 
% unknown 53.2 53.1 53.5 
BMI 
kg/m2 mean 26.0 26.0 26.2 
% unknown 54.2 54.0 55.2 
 
Vehicle/ Crash Characteristics, mean or % 
 
ETS km/h mean 26.6  26.7  26.0  
Car Type % 
car/car 
derivative 94 94.3* 92.4 
off road 2.1 2 3.2 
sports car 1.2 1.3 0.4 
mpv 2.7 2.5 4.1 
Collision 
Partner % 
car/car 
derivative 73.1 72.9* 74.4 
van/truck 10.0 10.6 5.9 
pole/narrow 7.1 6.7 9.2 
wide object 9.5 9.4 10.0 
other 0.4 0.4 0.6 
DoF % 
11- o’clock 15.4 14.8* 16.3 
12- o’ clock 69.6 70.3 65.3 
1- o’clock 15.4 14.9 18.4 
Intrusion % 
No intrusion 
< 3cm 91.5 90.8* 95.7 
3-9 cm 4.4 4.8 2.0 
10-19 cm 2.2 2.3 1.1 
20+ cm 2.0 2.1 1.2 
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Injury Outcomes, % 
 
MAIS % 
injured    
(MAIS > 0) 84.4 83.5* 90.1 
seriously 
injured 
(MAIS 3+) 
5.4 5.3 6.5 
Head % 
Injured  
(AIS > 0) 22.6 22.3 24.7 
seriously 
injured     
(AIS 3+) 
1.1 1.1 0.9 
Neck % 
Injured  
(AIS > 0) 41.7 41.6 42.3 
seriously 
injured    
(AIS 3+) 
0.2 0.2 0.3 
Thorax % 
injured  
(AIS > 0) 42.9 41.6* 51.3 
seriously 
injured   
(AIS 3+) 
2.6 2.4* 3.9 
Abdomen % 
injured  
(AIS > 0) 27.7 26.5* 34.6 
seriously 
injured   
(AIS 3+) 
0.7 0.6* 1.4 
Pelvis % 
Injured  
(AIS > 0) 2.3 2.2* 3.1 
seriously 
injured    
(AIS 3+) 
0.4 0.4 0.1 
Upper 
extremity % 
injured  
(AIS > 0) 35.8 35.2* 39.7 
seriously 
injured   
(AIS 3+) 
1.0 0.9 1.3 
Lower 
extremity % 
injured 
( AIS > 0) 32.3 31.5* 37.7 
seriously 
injured    
(AIS 3+) 
2.5 2.8* 0.7 
* P<0.05 
3.6.1 Occupant Characteristics  
Figure  3.1 shows the distribution of age by seating position. More than half of all 
occupants (53%) were aged between 15 and 39 (young), 35% of all occupants were 
aged between 40 and 64 (middle-aged) and 12% of all occupants were aged over 64 
(elderly). The proportion of elderly occupants in the front passenger seat was greater 
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than the driver seat. The mean age of the occupants in the front passenger and driver 
seat was 42.2 and 40.6 years respectively, which was statistically different when 
compared by using Independent Samples T-test (p<0.05). 
 
Figure  3.1 Age group by seating position 
Overall, 59% (4553) of occupants were male and 41% (3176) were female. Unlike 
drivers where a majority of the occupants were male (63%), front seat passengers 
were mostly female (65%). 
The occupant characteristics like height and weight were not always available in the 
sample. Height was not known for 52% of occupants while weight was not known 
for 53% of occupants. For 51% of occupants in the sample, both height and weight 
were unknown. Table  3.4 shows the percentage of available information about the 
occupant’s height and weight in the sample. 
Table  3.4 Available height and weight data 
Seating 
Position 
Only 
height 
missing 
Only weight 
missing 
Both 
available 
Both 
missing 
Driver 1% 2% 46% 51% 
FSP 2% 2% 45% 51% 
The mean height of drivers (171.8) was significantly greater than passengers (168.2). 
It can be due to the fact that the majority of passengers were female, who are usually 
shorter than their male counterparts. The mean height of the male and female front 
seat occupants was 177.2cm and 164.3cm respectively.  
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Body Mass Index (BMI) was calculated for occupants whose height and weight were 
known. BMI was estimated as in Eq. (3.7):  
BMI = mass (kg)
height (m)2                                       (3.7) 
BMI was classified as underweight: <18.5, normal: 18.5-25, overweight: 26-30, 
obese: 31-35, very obese: 36-40, extremely obese: >40. Of all occupants, 48% were 
classified as ‘normal’ and 36% as ‘overweight’. Figure  3.2 shows the distribution of 
BMI by seating positions for occupants whose BMI was available (N=3540). The 
largest proportion of occupants in both seating position were classified as ‘normal’ 
and was followed by ‘overweight’. ‘Underweight’ and ‘extremely obese’ occupants 
formed a relatively very small percentage in both seating positions (1% each). There 
was a higher proportion of passengers of BMI above 30 compared to drivers.  
 
Figure  3.2 Distribution of BMI by seating position 
3.6.2 Vehicle/Crash Characteristics 
In the sample, 44% of the vehicles were manufactured pre-2000, 50% of the vehicles 
were manufactured between 2001 and 2006 and 6% of the vehicles were 
manufactured after 2007. Figure  3.3 shows the distribution of the vehicle 
manufacture year for the sample.  
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Figure  3.3 Distribution of the vehicle manufacture year 
3.6.3 Injury Outcome 
Table  3.5 shows the rate of occupant injury severity by body regions, for all 
occupants in the sample. AIS 2+ level injury to the head was sustained by 177 
occupants (2.3%). Only 1% of occupants had injury to the neck or pelvis at AIS 2+ 
level. The chest was the most frequently injured body regions at AIS 2+, 3+ and 4+ 
severity levels. 524 (6.8%) of all occupants had AIS 2+ chest injury. More than 2% 
of all occupants had sustained at least one AIS 2+ abdomen injury. The second most 
frequently injured body region at the AIS 2+ level was the upper extremity (6.3%) 
followed by the lower extremity (5.9%). None of the injuries to the upper and lower 
extremities were rated at AIS level 4 and above. 
Table  3.5 Injury severity frequency for each body region  
Injury 
Severity 
Head Neck Chest Abdomen Pelvis 
Upper 
Ex. 
Lower 
Ex. 
AIS 2+ 
2.3% 
(N=177) 
1% 
(N=77) 
6.8% 
(N=524) 
2.2% 
(N=171) 
1% 
(N=90) 
6.3% 
(N=488) 
5.9% 
(N=457) 
AIS 3+ 
1.1% 
(N=83) 
0.2% 
(N=17) 
2.6% 
(N=202) 
0.7% 
(N=53) 
0.4% 
(N=29) 
1.0% 
(N=77) 
2.5% 
(N=195) 
AIS 4+ 
0.5% 
(N=37) 
0.0% 
(N=3) 
1.1% 
(N=84) 
0.2% 
(N=13) 
0% 
(N=3) 
0.0% 
(N=0) 
0.0% 
(N=0) 
 
3.7 Injury Severity and Age 
The review of literature identified occupant age as one of the main factors 
influencing injury severity outcome in frontal crashes. Therefore, the sample was 
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analysed further to investigate the real world effect of age on injury severity 
outcomes.  
3.7.1 Government Injury Classification 
Figure  3.4 and Figure  3.5 shows the rate of injury severity (according to the UK 
Government’s classification of crashes) for the three age groups of drivers and front 
seat passengers respectively. Both older drivers and passengers had a higher 
proportion of fatal and serious injury outcome compared to their younger 
counterparts. It was also evident that risk of severe injury to the middle aged 
occupants (both drivers and passengers) was greater than for the younger occupants. 
The fatality rate of all front seat older occupants (driver and FSP) was almost twice 
greater than both younger and middle aged occupants. The rate of serious injury for 
all older occupants was two times and 1.5 times greater than that of all younger and 
middle aged occupants respectively. Chi square tests for drivers (χ2 =187.326, d.f =6, 
p<0.001) and passengers (χ2 =118.312, d.f =6, p<0.001) confirmed that there were 
significant relationship between age groups and injury severity outcome. 
 
Figure  3.4 Injury severities by age group – Driver 
 
Figure  3.5 Injury severities by age group- FSP 
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3.7.2 Occupant MAIS by Age 
Figure  3.6 and Figure  3.7 illustrates the MAIS outcome according to occupant’s age 
for drivers and passengers respectively. In both seating positions, older occupants 
were over-represented at all levels of injury severity from MAIS 2 and above. The 
younger occupants were more likely to be uninjured or sustain a MAIS 1 level injury 
compared to the older and middle aged occupants. Chi square tests for drivers (χ2 
=145.102, d.f =12, p<0.001) and front seat passengers (χ2 =122.097, d.f =12, p<0.001) 
found that the distribution of injury outcomes across the three age groups varied. 
 
Figure  3.6 Injury outcomes by age group – Driver 
 
Figure  3.7 Injury outcomes by age group –FSP 
3.7.3 Injured Body Regions and Age  
Figure  3.8 show the rate of AIS 2+ and 3+ injuries to specific body regions by 
occupant age (young: Y, middle-aged: M and old: O). Less than 5% of the drivers in 
each age group had sustained a AIS 2+ level injury to the head, neck, abdomen and 
pelvis regions. For drivers, there were major differences in AIS 2+ and AIS 3+ chest 
injury rates observed between older and younger occupants. Almost 50% of the older 
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drivers who had AIS 2+ chest injuries had those injuries at AIS 3+ level. For drivers, 
the rate of AIS 2+ and 3+ injury to the lower and upper extremities was almost 
similar between younger and middle aged groups. 
Similar to drivers, in general, the AIS 2+ injury risk for older passengers was greater 
than the younger and middle aged passengers. The rate of chest injury risk to the 
older passengers was much higher than that for the drivers at both AIS 2+ and 3+ 
levels. 25% of the older passengers had sustained AIS 2+ chest injury, the 
corresponding rate at AIS 3+ level was 14%. In the sample, except lower extremity 
body region, the rate of AIS 2+ injury risk for older passengers was greater than that 
of the older drivers. 
 
                             
(H: head, N: neck, T: thorax, A: abdomen, P: pelvis, U: upper ext., L: lower ext.) 
Figure  3.8 AIS 2+ and AIS 3+ injury rates by body region and age group (Young, mid, old) 
(Left: Driver and Right: FSP) 
3.7.4 Location of Maximum Injury for MAIS 3+ Occupants  
Figure  3.9 and Figure  3.10 show the location of the maximum injury severity to the 
body regions by age group for occupants who had sustained MAIS 3+ injuries in the 
driver and passenger sample respectively. In total, 352 drivers and 70 passengers had 
MAIS 3+ injuries. If an occupant had sustained MAIS 3+ level injuries in multiple 
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body regions then each body region was considered separately. Therefore, the 
number of injuries in the sample was greater than the number of occupants. 
A similar proportion (16%) of younger and older drivers had their most severe injury 
in the head. Almost half of the older and middle aged drivers had their most severe 
injury in the chest. In contrast, only 29% of younger drivers had chest as the 
maximum injury location. The majority of most severe injury to the younger drivers 
(54%) was in the lower extremity region. Only 37% of the middle-aged drivers and 
25% of the older drivers had lower extremities as a most severe injury location.  
A large proportion (80%) of older passengers had their most severe injuries in the 
chest. This was roughly twice and four times greater than the middle- aged and 
younger passengers respectively. Only 1 passenger above 64 years of age had their 
most severe injury in the neck. For younger passengers, the majority of the most 
severe injury was in the abdomen (33%) followed by the chest (24%) and extremities 
(22% each).  
 
Figure  3.9 Location of the maximum injury for MAIS 3+ drivers 
 
Figure  3.10 Location of the maximum injury for MAIS 3+ passengers 
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3.8. Crash Characteristics and Age 
The sample was analysed to compare some of the crash characteristics experienced 
between occupants of different age groups. Variations in crash characteristics 
between age groups may contribute to differences in the injury severity outcomes. 
This was intended to be assessed in this section. 
3.8.1 Principal Direction of Force (DoF) 
Figure  3.11 shows the direction of force of the impact by age group in both seating 
positions. The majority of the drivers (70%) and the passengers (65%) had a frontal 
collision at 12 o’clock position. As noticed from the chart, there was little difference 
in the distribution of DoF for the occupants of different age groups in both driver and 
passenger seats. However, the DoF experienced between age groups in both seating 
positions were statistically significant (χ2 =24.443, d.f =4, p<0.001 for driver, χ2 
=15.687, d.f =4, p<0.05 for FSP).  
 
Figure  3.11 Distribution of DoF by age group and seating position 
3.8.2 Collision Partner 
Figure  3.12 and Figure  3.13 shows the distribution of collision partner for occupants 
in driver and passenger seats respectively. The narrow object included the object 
which was less than 41cms in width (e.g., pole, trees, bollards, etc.) and objects 
above 41cms were categorised as wide objects (e.g., wall, bridge parapets, road 
furniture’s, etc.). In both seating positions, the majority of the impacts were 
predominantly car to car. The middle-aged occupants had a higher proportion of car 
as a collision partner than any other age groups. Chi-square tests (χ2 =97.011, d.f =8, 
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p<0.05 for driver and χ2 =40.147, d.f =8, p<0.05 for passenger) confirmed 
differences in the distribution of collision partner with the age groups.  
 
Figure  3.12 Collision partner by age group – Driver 
 
Figure  3.13 Collision partner by age group- FSP 
3.8.3 Vehicle Body Type 
Figure  3.14 and Figure  3.15 shows the distribution of vehicle body types by age 
group in the driver and passenger sample respectively. Hatchbacks accounted for the 
majority of the sample in both seating position (70% driver and 67% passenger). 
Estate type car was mostly preferred by middle aged occupants. A small number of 
older occupants used ‘other’ vehicle type (off-road vehicle, sports car, and 
convertible type vehicles). In general, the vehicle crashworthiness of the sedan, 
hatchback and estate type cars are similar and they account for majority (approx. 
90%) of vehicle body type in the sample. Chi-square tests confirmed that differences 
exist in the distribution of vehicle type among the age groups (χ2 =192.182, d.f =8, 
p<0.05 for driver and χ2 =30.606, d.f =8, p<0.05 for passenger). 
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Figure  3.14 Vehicle body type by age group- Driver 
 
Figure  3.15 Vehicle body type by age group – FSP 
3.8.4 Equivalent Test Speed 
From Figure  3.16, it can be observed that the distribution of crash severity was 
similar between the two front seating occupant groups. The majority (66%) of 
impacts occurred between 20 and 45km/h. The ETS for 97% of all impacts were 
below 50 km/h and 99% occurred below 60km/h. 
 
Figure  3.16 ETS distributions for the front seat occupants 
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Table  3.6 compares the compares the crash severity between age groups using the 
mean ETS. Small observational differences are apparent in the mean ETS; however 
none of these were significant (p>0.05). 
Table  3.6 Mean ETS and occupant age 
Seat Position 
Mean ETS (km/h) 
Young Mid Old 
Driver 27.0 26.2 26.4 
FSP 26.4 25.3 26.0 
3.8.5 Facia Intrusion 
Figure  3.17 shows the distribution of intrusion for 10km/h increase in ETS for all 
front seat occupants. The intrusion was measured from the respective side of the 
occupant seating position. Of all occupants, 90% had intrusion below 3cm, 4% had 
sustained intrusion between 3 and 9cm, and 4% sustained intrusion greater than 
10cm. The intrusion level was not known for 2% of the sample. The amount of 
intrusion, in general, increased with an increase in the ETS. 74% of no intrusion (0-
3cm) cases occurred at ETS below 31km/h. When ETS was above 50km/h, the 
proportion of intrusion greater than 20cms to occur was higher compared to any 
other level of intrusion. 
 
Figure  3.17 Amount of facia intrusion with ETS 
Figure  3.18 and Figure  3.19 shows the distribution of intrusion by age group for 
drivers and passengers respectively. For both drivers and passengers, the percentage 
of the younger occupants with intrusion greater than 10cm was higher than other two 
age groups. The distribution of facia intrusion between age groups in both sample 
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was stastically significant (χ2=37.48, d.f=8, p<0.001 for drivers and χ2=24.51, d.f=8, 
p<0.01 for passengers).  
 
Figure  3.18 Facia intrusions by age group - Driver 
 
Figure  3.19 Facia intrusions by age group – FSP 
3.9 Factors Influencing AIS 3+ Injury Outcome  
Multivative logistic regression analysis was performed to examine the effects of age 
on injury seveirty outcome to different body regions while considering factors such 
as gender, seating position and crash characteristics.The analysis of accident data 
found differences in crash conditions experienced by occupants of different age 
groups. However, the influence of those on injury outcome was not analysed 
previously. The purpose of this exercise was not to build predictive models but to 
understand the power of the selected factors in the injury outcome to different body 
regions. 
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Multivariate logistic regression analysis was conducted for both AIS 2+ and AIS 3+ 
injury outcomes. However, the predictive capacity of the selected parameters for the 
AIS 2+ sample was not significant. For this reason, only the results of AIS 3+ 
models are discussed. Logistic regression modelling was estimated with the 
likelihood (odds) of occupants receiving severe injury (AIS 3 or greater) to the head, 
neck, thorax, abdomen, pelvis, upper extremities and lower extremities regions 
(1=yes, 0=no).  
Data availability was one of the key factors while selecting the predictor variables. 
For instance, the occupant characteristics like height, weight and BMI was not 
included due to a higher number of missing data. The sample used in this study had 
occupants in both driver and front seat passengers and the influence of the seating 
position on injury outcomes was also determined. 
The relevant factors that were anticipated to influence the injury outcome in frontal 
crashes were included in the analysis. Age, gender, crash speed and intrusion are 
considered to be an important factor in the accident risk assessment and they were 
included first (Lenard & Welsh 2001; Carter et al. 2014; Austin 2012; Liu et al. 
2007). Factors like vehicle type and collision partner were included to tests its 
influence on the injury outcome, importantly the distribution of those factors, as 
found in the previous sections, differed with occupant ages significantly. The list of 
independent parameters used in the model is summarised in Table  3.7. 
Table  3.7 Description of the predictors used in the analysis 
Predictor Level 
Age (y) Continuous 
Gender Male (reference), female 
ETS (km/h) Continuous 
DOF 12 o’ clock (reference), 11 o’clock, 1 o’ clock 
Position Driver (reference), Front seat passenger 
Collision Partner Car/car derivative (reference), pole/narrow, wide object, unknown 
Vehicle Type Hatchback (reference), estate, MPV 
Intrusion Level 
(cm) No Intrusion-0-2 (reference), 3-9, 10-19, 20+. 
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Age and ETS were treated as continuous variables and all other variables were 
treated as categorical (Table  3.7). Second order effects for age and gender, age and 
collision partner and gender and vehicle type were also explored. 
Prior to the analysis, the dataset was checked for multicollinearity. This was done to 
test if high intercorrelations exist among any of the independent variables, which 
may lead to unreliable and unstable estimates of regression coefficients (Field 2009). 
Multicollinearity for each body regions was tested for all predictors using SPSS 
software. The results were checked for tolerance value less than 0.1, indicating the 
variable has high correlations with other variables in the model. No high collinearity 
was found between the variables. 
The entry method of logistic regression was followed in the model using SPSS (Field 
2009). In this approach, all predictors were included simultaneously in the model.  
The omnibus tests of the model coefficients were analysed to evaluate the ‘goodness 
of fit’. It indicates how well the new model (with included predictors) performs 
relative to the baseline null model. From Table  3.8, it can be observed that the 
significance level of coefficients was less than 0.05, implying the selected predictors 
improved the model’s predictive power compared to the null model in all body 
regions. 
Table  3.8 Omnibus tests of model coefficients 
Body Region Chi-square df Sig. 
Head 293.34 26 .000 
Neck 47.00 26 .007 
Thorax 569.43 26 .000 
Abdomen 186.16 26 .000 
Pelvis 138.62 26 .000 
Upper Ex. 214.49 26 .000 
Lower Ex. 663.60 26 .000 
Table  3.9 shows the Cox and Snell and Nagelkerke pseudo R2 measure. These values 
provide an indication of the amount of variation in the dependent variable. The 
values vary between 0 and 1, were 0 indicating poor predicting power and 1 
indicating best predictive power. Nagelkerke measure was preferred over the Cox 
and Snell value as the measure use the full 0-1 range (Field 2009). For all body 
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regions, the estimated R2 values were in the acceptable region. However the values 
were less close to 1, suggesting injury outcomes are not completely dependent on the 
selected predictors. The inherent variability involved in the injury mechanism in a 
crash can be a possible reason.  
Table  3.9 Goodness of fit (Cox & Snell and Nagelkerke) 
Body Region -2 Log likelihood 
Cox & Snell 
R Square 
Nagelkerke 
R Square 
Head 571.57 .038 .352 
Neck 196.53 .006 .196 
Thorax 1232.39 .072 .342 
Abdomen 414.53 .024 .318 
Pelvis 197.88 .018 .417 
Upper Ex. 626.87 .028 .266 
Lower Ex. 1057.00 .084 .413 
 
In addition, Table  3.10 shows the Hosmer and Lemshow test of goodness of fit for 
each body region. This test is similar to a Chi-square test, indicating the extent of 
model predicting capacity compared to the null model. If the p value is greater than 
0.05, it could be interpreted that the model fits the data. The p value for all body 
regions was within the acceptable level (p>0.05). 
Table  3.10 Goodness of Fit (Hosmer and Lemshow test) 
Body Region Chi-square df Sig. 
Head 6.67 8 0.573 
Neck 4.71 8 0.789 
Thorax 11.98 8 0.152 
Abdomen 7.56 8 0.477 
Pelvis 11.30 8 0.185 
Upper Ex. 9.34 8 0.314 
Lower Ex. 6.49 8 0.593 
 
Shown in Table  3.11 are the statistically significant coefficients derived from the 
analysis. The level of significance is indicated using an asterik notion. The crash 
characteristics such as ETS and intrusion were found to be a significant predictor of 
AIS 3+ injury in all body regions. The results implied that with increase in the crash 
speed and intrusion level, the risk of sustaining an AIS 3+ injury increases. For the 
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abdomen, pelvis and upper extremity models, no other predictor except ETS and 
intrusion was found to be significant. 
Age significantly increased the risk of injury to the head, neck and thorax regions. 
The significance was particularly higher (p <0.0001) in the thorax model. It was 
found that with an increase in occuapant age, a risk of sustaining an AIS 3+ injury to 
this three body regions increases. 
Gender had a negative significance in the head and thorax regions, suggesting that 
the injury risk for females was less compared to that of males. However, there was an 
interaction between the age and gender in the thorax model suggesting older women 
are at significantly higher chest injury risk relative to younger women than were 
older men relative to younger men.  
The injury risk to the chest and lower extremities at AIS 3+ level was significantly 
varied between seating positions. The risk of sustaining an AIS 3+ chest injury was 
significantly greater for the passengers compared to the drivers. Contrarily, the risk 
of sustaining an AIS 3+ injury to the lower extremities was significantly greater for 
the drivers compared to the passengers. 
The principle direction of force (DoF) was statistically significant only in the head 
region. The results showed that the risk of sustaining an AIS 3+ head injury was less 
in a12 ‘o clock impact compared to the 11 and 1 ‘o clock impacts. The analyses 
predicted that the influence of vehicle type was significant in the head and chest 
regions. Compared to the hatchback type, the sedan and MPV type vehicle had a less 
risk of severe injury to those both body regions. The injury risk to occupants in an 
estate type car was significantly greater than the hatchback in the head and chest 
regions. 
Collision partner as a predictor was significant only in the lower extremity body 
region. The risk of sustaining an AIS 3+ lower extremity injury was significantly less 
when the colliding object was a car/car derivative. The significant predictors 
determined by the models in each of the body region is summarised in Table  3.12.  
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Table  3.11 Parameter estimates of the logistic regression models for the probability of 
occupants having AIS 3+ injury to body regions 
Parameter 
Parameter Estimates 
Head Neck Thorax Abdomen Pelvis Upper Ex 
Lower 
Ex 
Intercept -8.63*** -9.81*** -8.75*** -8.64*** -10.05*** -7.14*** -7.82*** 
Age (y) 0.028** 0.047* 0.05***       
 
Gender (vs. male) -1.81***   -1.09*        
ETS 0.046*** 0.035* 0.07*** 0.069*** 0.06*** 0.04*** 0.077*** 
DoF (vs. 
12 o'clock) 
11  
o’clock 0.09             
1        
o’clock 1.01***             
Position (vs. driver)     0.76***       -1.63*** 
Collision 
Partner 
(vs. 
Car/car 
derivative) 
van/ 
truck             1.90*** 
Pole/ 
narrow             1.22 
wide  
object             2.86*** 
other             -13.86 
Vehicle 
Type  (vs. 
hatchback) 
sedan -2.19   -0.52         
estate 1.03**   0.66*         
MPV -0.50   -0.73         
other 0.39   0.60         
Intrusion 
(vs. no 
intrusion) 
3-9 cm 1.77*** 0.92 1.06*** 1.48** 1.20 0.89 1.52*** 
10-19 
cm 2.46*** 1.92* 1.79*** 1.52* 2.38** 2.01*** 2.82*** 
20+ cm 3.39*** 2.08** 2.59*** 2.79*** 3.51*** 3.15*** 2.74*** 
Age x Gender (vs. 
Male)     0.02*        
Age x 
Collision 
Partner 
(vs. 
Car/car 
derivative) 
van/ 
truck              
pole/ 
narrow              
wide  
object              
other              
Gender x 
Vehicle 
Type 
sedan              
estate              
MPV              
other              
 
*p<0.05, **p<0.01, ***p<0.001 
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Table  3.12 Summary of predictor effects by body region 
Head Neck Thorax Abdomen Pelvis Upper Ex. Lower Ex. 
age age age ETS ETS ETS ETS 
gender ETS gender intrusion intrusion intrusion position 
ETS intrusion ETS     
collision 
partner 
DoF  position    intrusion 
vehicle type vehicle type    
 
intrusion  intrusion     
    age*gender         
3.10 Chest Injury 
The analysis of the accident data found chest as the most frequently injured body 
region. It also showed that the occupant age has a significant effect on chest injury 
risk in a frontal impact. This section further explores the data sample to analyse the 
chest injury type and its source of contact. 
3.10.1 Crash Severity of chest injured occupants by age group 
In the sample, 211(40%) of all AIS 2+ chest injured occupants had sustained their 
injury in ETS less than 30km/h and 71% of occupants in had AIS 2+ chest injuries in 
ETS less than 40 km/h. The rate of AIS2+ chest injury at ETS less than 30km/h was 
0%, 6% and 12% for younger, middle-aged and older occupants respectively. 
Considering ETS above 50km/h, the rate of AIS 2+ chest injury to younger, middle-
aged and older front seat occupants were 19%, 44% and 58% respectively.  
The mean ETS of AIS 2+ and 3+ chest injured occupants by age are listed in 
Table  3.13. The mean ETS of AIS 2+ chest injured older front seat occupants (32.2 
km/h) was less than that for younger (44.6km/h) and middle aged (32.4km/h) 
occupants. Similarly, the mean ETS of AIS 3+ chest injured older occupants (36.7 
km/h) was less than the younger (50.0 km/h) and middle aged (45.4 km/h) occupants. 
Table  3.13 Mean ETS of the occupants injured in chest by age group  
Chest injury 
Mean ETS (km/h)  
Young Mid Old 
AIS 2+ 44.6 34.4 32.2 
AIS 3+ 50.0 45.4 36.7 
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3.10.2 Source of Chest Injury Contact 
The majority (3212, 81%) of the chest injuries were a minor surface level injuries 
such as a surface level bruise, abrasion, laceration and contusion, which are usually 
rated at AIS 1. The sources of chest injuries by AIS for drivers and front seat 
passengers are shown in Figure  3.20 and Figure  3.21 respectively. The seatbelt was 
the major source of AIS 1 level injuries for occupants of all age groups in both 
seating positions. For younger drivers, the steering wheel was the main source of 
injury at AIS 2+ level. In contrast, the steering wheel was a less important source of 
injury for middle aged and older drivers when compared to the seat belt. For 71% of 
the middle aged drivers and 61% of the older drivers, the seat belt was the main 
source of AIS 2+ chest injury. For passengers, more than 90% of the chest injuries 
were caused by the seat belts. 
 
Figure  3.20 Chest injury contact sources- Driver 
 
Figure  3.21 Chest injury contact sources- FSP 
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3.10.3 Chest Injury Type by Age 
Figure  3.22 and Figure  3.23 show the chest injury types for drivers and passengers 
respectively by age group. Surface level injuries were the most common type of 
chest injury for occupants of all age groups in both seating positions. Older drivers 
and older passengers had a higher rate of multiple rib fracture, sternum fracture and 
organ injury compared to their younger counterparts. The rate of sternum fractures to 
the middle aged occupants in both seating position was similar to the older occupants. 
 
Figure  3.22 Types of chest injuries - Driver 
 
Figure  3.23 Types of chest injuries- FSP 
3.10.4 AIS 2+ Chest Injury types 
The details of the AIS2+ injuries are listed in Table  3.14. If an occupant had both 
skeletal fracture (such as rib fracture, sternum fracture) and intrathoracic pulmonary 
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then the injuries were counted as a single injury. Skeletal injuries were the most 
common type of AIS 2+ chest injuries, followed by the organ and vessel injuries. 
The recorded numbers of injuries to the thoracic skeletal, organ and vessel were 514 
(72%), 175 (24%) and 25 (4%) respectively. 
Sternum fractures made up a large proportion of all AIS 2+ chest injury occurring in 
337 occupants, of which 325 had sternum fracture with a stable chest. Multiple rib 
fracture with more than 4 fractured ribs was the second most common type of 
skeletal injury occurring in 108 occupants. 53 occupants had fractures to 2 or 3 ribs. 
The number of fractured ribs for 8 occupants was unknown.  
Injury to the lungs (n=84) was the most common type of intrathoracic organ injury. 
Lung contusion was the most common type of lung injury and was mostly rated at 
AIS 3 or 4 levels. Injury to the heart (n=16) was the second most common type of 
intrathoracic organ injury followed by injury to the pericardium (n=15) and 
diaphragm (n=10). Other intrathoracic organ injuries occurred for fewer occupants. 
All injuries to the heart were rated at AIS 3+ level, and 5 of those injuries were 
critical-fatal injuries (AIS 5 or AIS 6). 
Vessel injuries were most likely to be rated at AIS 4+ level and occurred more 
sporadically. Injury to the aorta (n=20) was the most common type of vessel injury in 
the sample. 
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Table  3.14 AIS 2+ Chest injury types 
Injury Area Injury Type  AIS 
Skeletal 
Injury (514) 
Single rib fracture         
and (8) 
pneumothorax (7) 3 
haemothorax (1) 3 
 
2-3 ribs fracture           
and (53) 
stable (41) 2,3 
pneumothorax (9) 3,4 
haemothorax (2) 3 
haemo-pneumothorax 
(1) 3 
 
 
 
4+ ribs fracture            
and (108) 
Stable chest (52) 2,3,4 
pneumothorax (9) 3,4,5 
haemothorax (24) 3,4,5 
haemo-pneumothorax 
(15) 3,4,5 
flail chest (5) 4,5 
unknown (3) 2,3 
 
Unknown no. of ribs 
fracture and (8) 
stable chest (3) 2,3 
pneumothorax (3) 3 
flail (2) 4 
 
Sternum fracture        
and (337) 
stable chest (325) 2 
pneumothorax (8) 3 
haemothorax (2) 2,3 
flail segment (2) 4 
Retrosternal contusion (1) 3 
Organ 
Injury (175) 
Pneumothorax (23) 3,5 
Haemothorax (3) 3,4 
 
Lung (84) 
 
tear (1) 4 
laceration (5) 3,4 
bruise (1) 3 
puncture (6) 3,4 
contusion (69) 3,4 
haemorrhage (2) 4 
 
Pleural cavity/ 
sac (5) 
 
tear (1) 2 
laceration (1) 2 
puncture (2) 2,3 
surface contusion (1) 4 
                                         
Pericardial (15) 
 
 
tear (4) 2,3 
laceration (3) 2 
contusion (2) 2 
rupture (1) 2 
haemorrhage (3) 2,4 
disruption (2) 2 
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Myocardial (6) 
 
tear (2) 3,5 
contusion (2) 3 
haemorrhage (2) 3 
 
Heart (16) 
 
tear (1) 3 
laceration (4) 5,6 
bruise (1) 3 
rupture (1) 3 
contusion (6)  3 
haemorrhage (2) 3 
unknown (1) 6 
 
Soft tissue (2) 
 
contusion (1) 3 
haemorrhage (1) 4 
 
Atrium (6) 
 
split (2) 3,5 
contusion (2) 3 
disruption (2) 5 
 
Diaphragm (10) 
 
tear (4) 2,3 
laceration (2) 3 
rupture (3) 3 
contusion (1) 2 
 
Ventricle (2) 
 
tear (1) 5 
contusion (1) 3 
Trachea laceration and rupture (1) 4 
Oesophagus tear (1) 3 
Chordae tendineae rupture (1) 5 
Vessel 
Injury (25) 
 
 
 
Aorta (20) 
tear (8) 4,5 
laceration (1) 4 
rupture (3) 5 
contusion (1) 4 
transection (5) 4,5 
haemorrhage (1)   6 
haematoma (1) 4 
 
Vena Cava (2)  
perforation (1) 5 
avulsion (1) 4 
Coronary artery tear (1) 5 
Subclavian artery rupture (1)  4 
Pulmonary vessel contusion (1) 3 
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3.10.5 Rate of Skeletal Fracture by Age 
The rate of sternum and rib fracture for all front seat occupants is shown in 
Figure  3.24. Some of the occupants had both sternum and rib fractures. In total, 604 
skeletal fractures were reported in the sample. Sternum and rib fractures were most 
common with the older occupants and least common with the younger occupants. 25% 
of the older occupants had sustained sternum fracture compared to 22% for middle 
aged and 3% for younger occupants. 15% of the older occupants had reported with 4 
or more rib fractures, which was the second most common type of skeletal fracture 
among the elderly occupants. 
 
Figure  3.24 Rate of skeletal fracture by age 
3.10.6 Contact Source of Skeletal Fractures 
The distribution of source of contact for all skeletal fractures in the sample is shown 
in Figure  3.25. The seatbelt was the single major source of contact for all skeletal 
fractures. 76% of all skeletal fractures were caused by the seat belt, 19% were from 
the steering wheel and 5% from other sources. The seat belt was the source of injury 
for 89% of the sternum fractures, 74% of the single rib fractures and 56% of the 2-3 
rib fractures. The difference in the proportion of steering wheel (42%) to seat belt 
(49%) as a source of injury for 4 or more rib fractures was relatively small compared 
to the source distribution for other types of injury.  
0%
5%
10%
15%
20%
25%
30%
Sternum fracture Single rib fracture 2-3 ribs fracture 4+ ribs fracture unknown no. of
ribs fracture
Young Mid Old
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Figure  3.25 Source of contact for skeletal fractures 
3.10.7 Injured Intra-thoracic Organs and Fractured Ribs  
Figure  3.26 shows a strong association between organ injury and number of rib 
fractures. The majority of lung injuries (54%) were associated with 2 or more rib 
fractures, while 38% of the lung injuries were associated with 1 or no rib fracture. 
More than half of all injuries to each organ were associated with 2 or more rib 
fractures. More than 90% of all pericardium and pleural sac injuries were associated 
with 2 or more rib fractures.  
 
Figure  3.26 Association of chest organ injury with number of rib fractures 
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3.11 Summary 
• The selection criteria yielded 7729 front seat occupants (weighted) including 
6644 drivers and 1085 front seat passengers. 
• The front passenger seat was most frequently occupied by females and 
elderly (>64 years) compared to the driver seat. 
• The mean ETS was similar between age groups in both seating positions. 
• Chest injury severity outcome for front passengers were proportionally higher 
than the drivers.  
• Only 1% of the front seat occupants had sustained AIS 3+ injury to the head. 
• The chest was the most frequently injured body region at all AIS 2 and above 
levels.  
• Followed by the chest, injuries to the upper extremities (6.3%) and lower 
extremities (5.9%) were most common at AIS2+ level. But none of those 
extremity injuries was at AIS 4 or above level. 
• Older occupants tended to sustain more ‘serious’ and ‘fatal’ injuries 
compared to their younger counterparts. 
• Older occupant had significantly higher rate of AIS 2+ chest injury risk 
compared to the younger and middle-aged occupants. 
• For older front seat occupants, the chest was the most prominent location 
with maximum injury for MAIS 3+ injured occupants. A similar observation 
was apparent for middle aged front seat occupants, but their proportion was 
less than their older counterparts. 
• Multivariative logistic regression models with selected predictors indicated a 
positive correlation between the ETS and intrusion with the AIS 3+ injuries 
in all body regions.  
• For the chest region, age showed a statistically significant positive correlation 
with AIS 3+ chest injury risk. 
• There was a significant interaction term between age and gender in the chest 
region.  
• The multivariate regression analysis predicted that the rate of severe chest 
injury outcome to the passengers was greater than the drivers. 
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• Age was also significant in predicting AIS 3+ head and neck injury risk. The 
increase in age significantly increased the AIS 3+ injury risk to both head and 
neck regions. Age had no significant effect on other body regions. 
• The mean ETS of older occupants was significantly less than the other two 
age groups in both AIS 2+ and AIS 3+ chest injured sample. 
• For older front seat occupants, there was a higher rate of AIS 2+ chest 
injuries observed in lower crash severity (ETS < 30km/h). 
• The seat belt was the main source of chest injury for elderly drivers and 
passengers.  
• More than 90% of the serious chest injuries to passengers were caused by the 
seat belt loading.  
• Skeletal fracture was the most frequent type of AIS 2+ chest injury and was 
mostly caused by seat belt loading. 
• The rate of sternum and rib fractures for elderly occupants was substantially 
higher than the younger occupants.  
• The increase in the number of rib fracture had a strong association with the 
intrathoracic organ injury. 
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Chapter 4 Development of Baseline Numerical 
Models and Selection of Impact Scenarios for 
Parametric Investigations 
4.1 Introduction 
This aim of this study is to a) develop baseline occupant compartment models and b) 
select crash scenarios representative of real world crashes that can be applied to 
assess the benefits of smart load limiters. Numerical analysis using mathematical 
occupant model in combination with mathematical description of a vehicle is widely 
used offering an efficient method to predict injury outcomes in an impact. Unlike 
physical crash tests, computational methods can cope with wider collision scenarios 
with low cost and reduced test time. The numerical method can offer best 
optimisation solution to design components (seat cushion, and steering column), 
subsystems (seat assembly, steering wheel assembly, and frontal airbag) and 
complex systems as a whole (car).  
4.2 Software Selection 
At the beginning of the project, LSDYNA software license was available with the 
University. It was first considered as a software platform for this research. A 
significant amount of time was spent on learning and training. However, by 
considering the following factors, MADYMO was preferred over LSDYNA. 
• A potential opportunity arose to collaborate with an automotive restraint 
manufacturer whose software platform was MADYMO. 
• Loughborough University being a partner in the European PRISM project 
(Bosch-Rekveldt et al. 2005), occupant compartment models developed using 
MADYMO for the project were available. These models could potentially be 
used as reference models. 
• For an accurate occupant injury prediction, LSDYNA required the additional 
purchase of Humanetics numerical dummies, which offset the initial cost 
advantage. 
• Compared to the LSDYNA’s finite element analysis, MADYMO’s multi-
body modelling requires less computational time. This is one of the key 
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requirements because numerous simulations were planned to be conducted 
with a limited time frame. 
4.3 MADYMO (MAthematical DYnamic MOdel) 
MADYMO was developed by TASS International, formally known as TNO in Delft, 
Netherlands. The software was first released in 1975. MADYMO is essentially a 
differential equation solver. It employs the use of three different integration types to 
solve biodynamic equations of motion for multi-body and finite element simulations 
namely: Euler method (modified), Runge-Kutta method, and Runge-Kutta-Merson 
method. The analysis produces output in the form of data and graphic files. The 
version 7.4.1 of MADYMO theory manual (TNO 2012f) describes the software as: 
A computer programme that simulates the dynamic behaviour of physical 
systems emphasising the analysis of vehicle collisions and assessing injuries 
sustained by passengers. 
The software was primarily developed to study occupant kinematics in a car collision. 
However, its functional capabilities in simulating occupant behaviour in several 
different forms of transportation such as trains, bicycles, motorcycles and aeroplanes 
are well proven. By combining both multi-body (MB) and finite element (FE) 
techniques, MADYMO offers an efficient numerical analysis tool to determine crash 
responses in an impact. The MB analysis is mainly used for simulating motions of 
systems of bodies which are connected through kinematic joints. The FE analysis is 
usually applied in analysing structural deformations. Brief theory and concepts of the 
MADYMO is discussed in the following sections. 
4.3.1 Reference Coordinate System 
Newtonian mechanics suggests the existence of an absolute reference frame called an 
inertial space. The reference frame is described by the intersection of three mutually 
orthogonal planes, forming axes of a coordinate system whose centre is not 
accelerating and, whose axes are not rotating. However, these axes can be in motion 
with a constant velocity with respect to an average position of the distant “fixed stars” 
or can be at rest (Meirovitch 2012). Within MADYMO, properties of the inertial 
coordinate system (orientation and origin) can be defined arbitrarily. Using this 
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reference coordinate system, the location, orientation and motions are relatively 
defined in a model. 
4.3.2 Multi-Body Module 
A multi-body system is a system of bodies. Any pair of bodies in a same multi-body 
system can be interconnected using kinematic joints. The multi-body structures are 
called as “tree structures”. In a model, a system of bodies is defined by it’s a) initial 
conditions, b) inertial properties like mass, moments and inertial products and the 
location of centre of gravity and c) kinematic joints (type, orientation, location and 
the bodies they connect). In addition, simple geometric shapes like plane, ellipsoid, 
and cylinder can be used to represent the surface of a specific body. These surfaces 
are usually used for visualisation and contact calculations. 
4.3.2.1 Kinematic joints 
A kinematic joint is a link between any two bodies limiting relative motion of the 
two connected bodies. The position, velocity, and acceleration of each joint were 
determined by a joint coordinate system with defined degrees of freedom. Within 
MADYMO, a library of kinematic joints is available (TNO, 2012f). Figure  4.1 shows 
the most commonly used joints namely: revolute joint, translational joint, spherical 
joint, universal joint, cylindrical joint, planar joint, bracket joint and free joint. Each 
kinematic joint is defined by two local reference systems referring each of the two 
connected bodies. The first referenced body is called as the ‘parent body’ and the 
latter is termed as the ‘child body’. Four combination joints are also available within 
the MADYMO, which combines the properties of two individual joints. 
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 a) Revolute Joint         b) Translational Joint                   c) Spherical Joint 
       
   d) Universal Joint         e) Cylindrical Joint                   f) Planar Joint 
              
 g) Bracket Joint                          h) Free Joint                    
Figure  4.1 Sample of kinematic joints available within MADYMO (TNO 2012f) 
4.3.3 Facet Module 
A facet module is a multi-body feature, combining the advantages of both multi-body 
and rigid surface FE modelling techniques (TNO, 2012f.). The outer surface of the 
facet model is defined by non-deformable meshes made up of membrane-type 
massless contact elements. By connecting facet surfaces to rigid and/or flexible 
bodies, geometric representation accuracy can be achieved. The deformation of facet 
surfaces can be calculated by specified force or stress based contact characteristics. 
Unlike planes or ellipsoids, where the contact forces are exchanged at a single point, 
the contact forces of facet models are exchanged at each facet element which comes 
into contact. The computational time of the facet model is usually higher compared 
to the multibody model.  
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4.3.4 Finite Element Module 
The FE module utilises the finite element capabilities to the fullest. In this, a 
continuous complex system is reduced into a discrete numerical model, where the 
actual continuum is separated into a collection of elements representing its shape 
(TNO, 2012f). The elements are interconnected at a discrete number of points 
referred to as nodes. These elements can represent volumes, surfaces, lines or its 
combinations. The analysis of the continuum is based on these elements where 
continuity is ensured along their interface.  
The input file of the FE model must specify a) the properties of nodes such as: initial 
nodal position, velocities, the nodes corresponding to each element and their 
connectivity, and b) the properties of element such as: material model, and 
characteristics. Within the FE module: truss, beam, membrane, shell and solid 
elements can be defined. Within the MADYMO library, material models 
representing several structures such as metals, fabrics, foams, composites, rubbers, 
and honeycomb are available. A simulation can contain single or many finite element 
models.  
4.3.5 Force Interaction Models 
Applied forces over the joints of the connected bodies cause motion of a system. The 
various categories of force interaction models available in MADYMO are:  
• Acceleration field model. 
• Spring-damper elements. 
• Muscle models. 
• Contact models. 
• Tyre models. 
• Belt models. 
• Dynamic joint models. 
• Airbag models. 
4.3.6 Contact Interactions  
A contact force is generated when a master surface collides with a slave surface. No 
force calculations will be performed between two surfaces unless it is specified by 
the user. Contact interactions are essential to simulate biomechanical interactions of 
occupants with the vehicle bodies and between their bodies. Contact interactions 
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between planes, (hyper-) ellipsoids, (hyper-) elliptical cylinders and finite element 
models can be specified in a model. Penetration of bodies might be observed by a 
user in a graphical output file where it was not expected to penetrate a surface. To 
correct this apparent anomaly and to estimate accurate output forces, MADYMO 
uses the hypothetical depth of penetration, together with functional characteristics 
(elastic, damping and frictional forces) of the body. This allows realistic estimation 
of elastic, damping and friction forces. 
The two contact models available are: a) the elastic and b) the kinematic contact 
models. The former is available for all possible contacts, and in this model 
penetration of surfaces are allowed. The penetration determines the corresponding 
elastic contact force. This dependency can be defined as a force-penetration 
characteristics, stress-penetration characteristics or penalty factor. The kinematic 
contact model is available only for the contact between nodes of a finite element 
model and a multi-body model. Penetration between surfaces is not allowed. The 
contact force, in this case, is based on an inelastic impact of the node with the contact 
surface. The contact interaction between surfaces in a model can be defined as: 
4.3.6.1 CONTACT. MB_MB (Contact between two multi-body surfaces) 
In MB_MB contact, the slave surface must be an ellipsoid and the master surface can 
be a plane, cylinder and/or ellipsoid. Only the elastic contact model can be applied 
and the resulting contact force is applied to a single point in the contacting bodies. 
The contact characteristics and the geometry of the contacting surface determine the 
contact force point. If the contact characteristic of a surface is defined, then the 
surface is treated as a deformable surface, or they are considered as a rigid surface.  
4.3.6.2 CONTACT. MB_FE (Contact between finite element and multibody 
surfaces) 
MB_FE type of contact is used when a contact is to be defined between a FE and a 
MB surface. In these contacts, the nodes of the FE surface are defined as the slave 
surface and the planes, cylinders and ellipsoids are defined as the master surface. 
Both elastic contact and kinematic contact models can be applied.  
4.3.6.3 CONTACT. FE_FE (Contact between finite elements 
This contact type is used to define contacts between two FE surfaces. The contact 
algorithm searches for the contact between a master and a slave surface. The master 
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surface is defined as a group of contact segments that are formed by one or more FE 
groups and the slave surface is defined as a group of contact nodes that are formed 
by one or more FE groups. The selection of slave and master surface are important, 
the wrong choice can lead to incorrect results. It is recommended to choose the 
contact surface with the most curvature as the slave surface. 
4.3.7 Hybrid III (H3) Dummy Model 
MADYMO 7.4.1 version offers three distinguished frontal Hybrid III dummy model 
types: a) ellipsoidal model, b) facet model and c) finite element model. They are 
developed as a chain of rigid bodies with defined inertial properties. Between these 
three models, the modelling techniques applied to represent the geometry are similar, 
but the mechanical properties of the components may vary. The accuracy and the 
computational time vary with the type of model. Comparatively, ellipsoidal model is 
the most CPU-time efficient. The FE model requires very small time steps to 
calculate the interactions within a model requiring high analysis time. The ellipsoidal 
and facet model of 5th, 50th and 95th percentile H3 dummies are shown in Figure  4.2. 
More details of these models can be found in the MADYMO model manual (TNO 
2012c).  
 
Figure  4.2 MADYMO dummy models: left to right: 5th ellipsoid, 5th facet, 50th ellipsoid, 50th 
facet, 95th ellipsoid and 95th facet. (TNO 2012c) 
4.3.7.1 Ellipsoidal dummy model 
The geometry of the dummy is defined using ellipsoids, cylinders and planes. The 
rigid body model incorporates inertial properties of the crash test dummy. The 
structural deformation of the dummy’s flexible components is lumped in kinematic 
joints in combination with dynamic restraint models. The deformation of soft 
materials like flesh and skin components is calculated using the predefined force-
based characteristics of the ellipsoids. These characteristics determine the contact 
interactions within the model and with the model and environment.  
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4.3.7.2 Facet dummy model 
The rigid and deformable bodies of the model incorporate inertial properties of the 
modelled components. The outer surface of the facet models is developed as meshes 
of shell-type, massless contact elements. The structural deformation of the flexible 
components such as ribs is provided by deformable bodies and the deformation of the 
soft materials like flesh and skin components are provided by the stress-based 
contact characteristics.  
4.3.7.3 Finite-element dummy model 
Finite element models are more advanced and accurate compared to both ellipsoid 
and facet models. The inertial properties of the hardware are incorporated by both 
rigid bodies and FE meshes. Unlike the facet model, solving FE models require both 
the MADYMO solver and a MADYMO structural license. 
4.3.8 Human Body Model 
The main feature of the human body models are inclusion of muscle activities, 
controlled posture maintenance and post failure (fracture) responses. These make the 
human body models more biofidelic compared to the dummy models. MADYMO 
7.4.1 version contains human body models that can be used in a numerical crash 
simulation. Inertial properties of the rigid bodies, range of motion of the kinematic 
joints, mechanical properties of various segments and joint characteristics were 
developed from existing biomechanical data. The models were then validated using 
responses of human volunteers (low to mid severity impact) and post-mortem human 
subjects (mid to high severity impact) in various impact tests. More details about 
human body models can be found in the MADYMO manual (TNO 2012b). The 
human body model types available with the MADYMO 7.4.1 release are: 
• Facet occupant models (refer Figure  4.3). 
• Facet active human model. 
• Facet pedestrian model. 
• Ellipsoid pedestrian model. 
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Figure  4.3 Facet human body models from left: large male, mid-size male and small 
female (TNO 2012b) 
4.3.9 Pre and Post Processors 
Many pre and post processing packages are available to set up and analyse results 
respectively, among which XMADGIC and MADPOST are widely used.  
The MADYMO input files are in XML (Extensible Markup Language) format 
containing predefined properties of elements, attributes and their relationships. 
XMADGIC provides a user friendly environment to create, read and edit the input 
file. The Geometry Viewer menu allows users to visualise the geometry of a model. 
Using the Joint Positioning menu, the position and orientation of joints in a model 
can be changed. This menu is useful while positioning an occupant in a vehicle 
environment. The belt fitting menu allows the user to create, modify and fit seat belt 
over the occupant model. 
MADPOST is the post processing software which facilitates the optimal use of the 
MADYMO solver output. The output results can be analysed as graphs. Animations 
can be run within the MADPOST allowing the user to visualise the simulation 
graphically.  
4.3.10 Output Files 
The output files of MADYMO analysis are in either data or graphical format. These 
output files can be used for post processing or for debugging the model. The analysis 
produces standard as well as user specified output files.  
Table  4.1 shows some of the possible time history output data which can be obtained 
in an analysis. These output files are only generated when the user specifies in the 
input file. These data are stored as a function of time. 
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Table  4.1 MADYMO time history output file sample 
Output 
Type Description 
ANGACC Angular accelerations usually with respect to inertial coordinate systems 
ANGDIS Angular displacement of a body usually with respect to inertial coordinate system 
ANGPOS Angular Positions usually with respect to inertial coordinate systems 
CONTROL Sensor and control file output of the defined parameter in the input data 
DISVEL Distance between 2 points and its time derivative 
ENERGY Energy output; FEM only 
FORCES Belt and restraint force interactions 
JNTACC Joint accelerations for a maximum of 6 degrees of freedom 
JNTPOS Joint positions for a maximum of 7 degrees of freedom 
JNTVEL Joint velocities for a maximum of 6 degrees of freedom 
LINACC Linear accelerations usually with respect to inertial coordinates 
LINDIS Linear displacements usually with respect to inertial coordinates 
LINPOS Linear position of a point with respect to the local coordinate system of another specified body 
LINVEL Linear velocities usually with respect to the inertial coordinate system 
MUSCLE Muscle forces 
PENETR Contact penetration/ Area 
RELDIS Relative displacements of a point with respect to another specified point 
TORQU1 Cardan restraint torques  
TYRES Tyre load and slip quantities 
Table  4.2 shows the standard output files of MADYMO. Output data of airbag and 
other FE data can be selected within FEMOUT and FEMESH and they must be 
specified in the input file. 
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Table  4.2 Standard MADYMO output files 
Output 
Type Description 
LOG Contains self-explanatory overview of the progress of the simulation and errors/aborts 
REPRINT Reprints the input data, warning and error messages. 
PEAK Contains peak values of time history output signals and injury criteria 
DEBUG Debug file for multi-body systems 
FEMOUT Output file for finite element models 
FEMESH Output file for FE models (nodal coordinates) 
ELMDAT Output file for element data 
Injury criteria based on the dummy or human model in a simulation can be produced 
as an output. Listed in Table  4.3 is a sample of such injury criteria. These criteria can 
be interpreted in terms of AIS injury risk using injury risk curves. 
Table  4.3 Injury Criterion available and its description 
Injury 
Criterion Description 
HIC Head Injury Criterion used in the widely used head injury tolerance 
GSI Gadd Severity Index quantifies head tolerance to impact 
NIJ Biomechanical neck injury predictor measures injury by the load transfer through the occipital condyles  
3MS Linear acceleration or joint constraint load measured for the contiguous time window of 3ms. 
TTI Thoracic Injury Prediction by blunt lateral impact to the hard thorax body 
CTI Combined Thoracic Index measures injury to the thorax by combination of maximum chest deflection and the resultant upper 3ms spine acceleration 
VC Viscous Injury Response predicts injury to the soft tissue due to high velocity rate and deflection within the body 
FFC Femur Force Criterion measures injury (axial compression force) to the femur. 
TI Tibia Index is a measure of injury (joint constraint load) to the tibia  
TCFC Tibia Compressive Force Criteria measures injury to the due to a compressive force transmitted axially 
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4.4 Baseline Occupant Compartment Model 
Generic baseline driver and front passenger compartment models using MADYMO 
V7.4.1 were developed with identical frontal restraints and interiors including the 
steering system, seat and front facia. The baseline models were a representative of a 
C segment car, also termed as Small Family Car in Europe. An example of a car in 
this segment is the Volkswagen Golf. The C segment vehicle is one of the most 
popular in Europe. The models contained frontal compartment of a passenger car, 
restraint systems and the dummy. The details of the models are discussed in the 
following sections. 
4.4.1 Compartment Model 
The origin of the vehicle coordinate system was chosen near the vehicle front axle, 
which is generally used in vehicle package drawings. The coordinate system was 
oriented such that the x-axis points forward, the y-axis leftwards and the z-axis 
upwards. The compartment models comprised of rigid bodies representing the 
interior of a vehicle linked together using kinematic joints. The motion of the model 
was determined by the predefined kinematics joint locations and joint type.  
4.4.1.1 Seat 
The seat was modelled as two planes without a head restraint as in the MADYMO 
frontal application model (TNO 2012a). The analysis was planned to simulate the 
first 135 milliseconds of a frontal crash. In a frontal impact, the protection offered by 
the restraints can be effectively assessed within this time period. The chance of the 
dummy head contacting the seat in this time period is low; therefore implication of 
this simple model in terms of occupant kinematics and neck injury outcome is 
limited. Larder et al. (1995) reported that most of the neck injuries in frontal crashes 
occurs due to neck extension while contacting the airbag, supporting the fact that the 
role of head restraint is limited in frontal impacts. 
The seat cushion was mounted on the seat frame which was connected to the vehicle 
floor using a translational joint. The seat back (vertical plane) was connected to the 
seat bucket using a revolute joint with predefined stiffness characteristics. This 
allowed the seat back to deform while occupant loading the seat. The adjustments of 
the seat track position (fore-aft), vertical height and angle of the seat back were 
achieved by altering the joint properties. By this way, the models were made to 
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accommodate different sized dummies. An ellipsoidal anti-submarining bar was 
modelled to restrict the penetration of dummy into the seat and the sliding motion of 
the dummy pelvis. Figure  4.4 shows the seat track positions used to accommodate 
three different sized dummies. Figure  4.5 shows the stiffness characteristics of the 
modelled seat and the anti-submarining bar which are similar to the MADYMO 
frontal application model. 
 
Figure  4.4 Seat model with positions adapted for different sized dummies 
 
Seat cushion and seat back stiffness   
Figure  4.5 Stiffness characteristics of the modelled seat (adopted from PRISM) (Bosch-
Rekveldt et al. 2005). 
4.4.1.2 Steering wheel  
The steering wheel assembly available within the MADYMO’s frontal application 
model was used in this study. The assembly comprised of steering wheel rim, hub, 
steering column and ignition key. The base of the steering column was connected to 
the rest of the vehicle using a translation joint. This allowed simulating the steering 
wheel intrusion, if necessary. Since the dynamic motion of the steering wheel and 
steering column during the crash was not considered in this study, the motion of the 
steering assembly was constrained and was rigidly locked with the compartment. The 
Anti-submarine bar contact 
characteristics 
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deflection of the steering wheel through loading of the airbag and occupant was 
simulated using specified stiffness characteristics. 
The position of the steer rack joint was altered to allow the dummy to fall towards 
the centre of the steering wheel hub. This made the standard dummy (50th percentile) 
to strike the centre of the deployed airbag. This steering wheel position was then 
maintained in all simulations. 
4.4.1.3 Windscreen and Floor 
The windscreen was modelled as a solid plane. The orientation of the windscreen 
was adapted from the PRISM vehicle model. 
The floor and the toe board were modelled as two rigid planes. The accelerator and 
the brake were modelled as ellipsoids which were connected to the floor using 
revolute joints. The pedals were allowed to be pressed, when a force is applied by the 
dummy.  
4.4.1.4 Front facia 
The front facia was developed as two ellipsoids representing dashboard and knee 
bolster. The force deflection characteristics of these two sections were obtained from 
the PRISM model which is similar to the MADYMO frontal application model. 
4.4.2 Occupant Model 
The Hybrid III dummy models available with the MADYMO 7.4.1 version were 
explained in section 4.3.7. Though dummies are less biofidelic compared to human 
body models, Hybrid dummy models are still applicable to predict the relative rather 
than the absolute injury risk in a simulated impact. The Hybrid III dummies are 
currently used in prediction of occupant injury risks in legal and consumer frontal 
crash test programmes. Moreover, the validation of the baseline model was planned 
by comparing baseline predictions with predictions of the PRISM vehicle model 
which had a Hybrid III dummy in both front seating positions. Based on this, it was 
decided to use MADYMO Hybrid III dummy models to represent occupants.  
The ellipsoidal model was considered mainly because of the readily available 
MADYMO frontal ellipsoidal application model, which can be further altered to 
accommodate different sized dummies (5th and 95th percentile).  
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The TNO compared the predictions of the ellipsoidal and facet numerical dummy in 
numerous physical tests (refer Figure  4.6). The detail of the tests and its findings can 
be found in the published quality report (TNO 2012d). Table  4.4 compares the 
prediction of the two distinguished numerical dummy models with respect to the 
physical Hybrid III dummy obtained from 27 different full dummy tests. The column 
‘Model’ in Table  4.4 refers to the ellipsoidal model and the column ‘M2’ refers to 
the facet model. The dummy was tested under different crash configurations with 
impact velocity varied between 11.05 and 16m/s. It was found that kinematic 
response and injury predictions were mostly comparable between these two 
numerical dummy models. Similar results were obtained when tested with 5th and 
95th percentile numerical dummies. While analysing the dummy component level test 
results, the head region of the ellipsoidal dummy had found to score poorly 
compared to the facet model. It was mainly due to the fact that the ellipsoidal model 
has no nose, resulting poor outcome with the ellipsoidal model in nose impactor test. 
However, the overall review of both models suggested that the difference in the 
injury outcomes is less between the two numerical models. This gave confidence to 
use ellipsoidal dummy models for parametric investigations assessing the benefits of 
smart load limiters. Importantly, using ellipsoidal model is also time efficient. 
 
Figure  4.6 Physical validation tests of the 50th percentile H3 dummy. Left: full dummy test, 
Right: component test (nose impact test) (TNO 2012d) 
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Table  4.4 Comparison of 50th %le ellipsoidal (Model) and facet (M2) combined rating result 
from the full dummy tests. (TNO 2012d) 
 
4.4.3 Seat Belt Assembly 
The seat belt assembly consisted of a 3-point belt with a retractor, buckle 
pretensioner and load limiting at the shoulder as shown in Figure  4.7. 
4.4.3.1 Three-point belt 
The belt was modelled as two sections, one as a conventional spring belt model and 
other as a finite element model. The segments in contact with the dummy were 
modelled as a FE belt with 2 node truss elements. This allows realistic simulation of 
contact interactions between the dummy and belt. The segments connecting the FE 
belt and the anchorage point were modelled as a simplified multi-body model. The 
width of the modelled FE belt was 50mm, fulfilling the minimum requirement of 
46mm as per the FMVSS safety standard No: 2098, regarding seat belt assembly 
requirements. The shoulder anchorage was modelled as a translation joint 
representing a height adjuster. This allowed vertical movements of anchorage 
enabling to provide best shoulder belt fit for different sized dummies. The range of 
shoulder anchorage vertical adjustment was approximately 15cms. The position of 
                                                 
8 http://www.fmcsa.dot.gov/rules-regulations/administration/fmcsr/fmcsrruletext.aspx?reg=571.209 
123 
 
other anchorages (buckle and floor) remained fixed with respect to the compartment 
model. The applied belt stiffness characteristics are shown in Figure  4.8. 
 
Figure  4.7 Schematic description of the modelled baseline seat belt system. 
  
                
Figure  4.8 Stiffness characteristics of the modelled seat belt webbing (from PRISM model 
(Bosch-Rekveldt et al. 2005)). 
4.4.3.2 Retractor 
The retractor was modelled at the opposite end of the shoulder belt anchorage. The 
retractor was combined with a webbing grabber. The retractor was locked at 1ms into 
each simulated impact and the belt was not spooled out until the pretensioner or load 
limiter was fired.  
4.4.3.3 Load limiter 
The baseline model had a 4kN SBL, modelled as a spring with loading response as 
shown in Figure  4.9. Approximately 30mm of spool was allowed in the retractor 
Height adjuster 
Retractor                   
locks at 1ms                 
load limiting at 4kN 
Floor anchorage 
Buckle pretensioner 
firing time 15ms 
MB belt 
FE belt 
MB belt stiffness characteristics FE belt stiffness characteristics 
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before the constant load limiting phase was reached. The belt feed from the retractor 
was restricted when the amount of belt introduced into the system exceeds 400mm.  
 
Figure  4.9 Load limiter characteristic of the modelled seat belt system. 
4.4.3.4 Pretensioner 
The baseline models have a pretensioner located at the belt buckle as shown in 
Figure  4.7. The pretensioner was modelled as a spring–driven locking/unlocking 
mechanism. The pretensioner used a separate stalk body which was connected to the 
seat frame by a revolute joint. The buckle body was connected to the top end of the 
stalk using a translational joint in parallel with a spring having a uniform load in 
compression with an initial displacement of 100mm. When the pretensioner was 
fired, it exerted a maximum force of 1.5kN on the belt, and it was able to recoil up to 
100mm of the belt slack. At the beginning of the each simulation, the translational 
joint was initially locked, but at 15ms (pretensioner firing time) of simulated impact 
the translational joint was unlocked. The translational joint was locked again when 
the direction of the motion changes reaching a positive velocity of 1mm.s- 1. This is 
achieved either when the spring is extended by 100mm or when the load acting on 
the belt is sufficient to compress the pre-tensioning spring. The summary of the 
modelled belt for both front seating positions is given in Table  4.5. 
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Table  4.5 Summary of the modelled belt in the baseline models 
Properties Description Driver Passenger 
3-point belt 
width  50mm 50mm 
thickness 1mm 1mm 
density 1325 kg.m-3 1325 kg.m-3 
shoulder belt length 969mm 975mm 
lap belt length 939mm 944mm 
Height 
Adjuster position mid mid 
Retractor locking time 1ms 1ms 
Pretensioner 
  
firing time 15ms 15ms 
max belt slack removal 100mm 100mm 
Load limiter load 4kN 4kN 
 initial belt spool before constant retractor phase 30mm 30mm 
4.4.4 Airbags 
The FE airbag application was based on the principle of gas thermodynamics. The 
fabric of the airbag was discretised into numerous finite elements, simulating 
realistic motion of fabric while deploying and improving the contact simulation 
between the airbag and vehicle interiors and the airbag and occupant. The gas in the 
airbag chamber was treated as a mixture of ideal gases and the state variables like 
pressures and temperatures, were assumed to be uniform throughout the chamber 
(TNO 2012f).  
The gas supplied by the inflator fills the airbag inflating from its folded initial form. 
The gas escapes out of the airbag through exhaust orifices and internal fabric pores. 
The mass balance in an airbag chamber was evaluated as:  
?̇?𝑚 = ?̇?𝑚𝑐𝑐 + ?̇?𝑚𝑖𝑖 − ?̇?𝑚𝑑𝑑𝐴𝐴                                         (4.1) 
Where ?̇?𝑚, ?̇?𝑚𝑐𝑐 , ?̇?𝑚𝑖𝑖𝑎𝑎𝑆𝑆𝑑𝑑 ?̇?𝑚𝑑𝑑𝐴𝐴 are the time derivatives of m (gas mass in the chamber), 
ms (inflator- supplied gas mass), mi (the inflowing gas mass) and mex (exhausted gas 
mass) respectively. 
126 
 
4.4.4.1 Driver airbag 
The steering wheel airbag was adapted from the MADYMO frontal application 
model (TNO 2012a). It was a standard folded circular model with a diameter of 
600mm. The airbag was placed in an open box at the bottom of which it was 
supported. The inflator was placed at the centre of the support part, supplying mass 
of gases into the airbag chamber. The deployed airbag took the shape of the reference 
mesh which was defined in the input file. The deformed elements in the folded 
airbags were relaxed in a pre-simulation using a user defined Initial Metric Method 
(IMM). The self-contact between the airbag elements were allowed during the airbag 
deployment phase. This provides a realistic simulation when the occupant contacts 
the airbag during the airbag inflation phase. The volume of the frontal driver airbag 
when fully deployed was approximately 43 litres. The vent-holes allowed the gas 
inside the airbag chamber to escape at the threshold pressure differential (DPEX) of 
3.6kPa. The fabric of the airbag was modelled with permeability which allowed the 
gas to escape through pores. The total outflow of the gas from the airbag chamber 
was mainly attributed to the modelled vent holes and the airbag material permeability. 
The typical stages of driver airbag inflation are shown in Figure  4.10. 
 
 
Figure  4.10 Driver airbag inflation stages 
4.4.4.2 Passenger airbag 
The passenger model was initially tested with the MADYMO passenger airbag 
model (TNO 2012a), developed primarily for analysing dummy out-of-position 
scenarios. It is a very detailed model, resulting in several hours to complete a 
simulation. To improve upon the simulation time, the passenger airbag model used in 
the PRISM project was considered for this study. The PRISM passenger airbag 
model was intended to provide a generic representation of a passenger airbag. The 
characteristics of the modelled driver and passenger airbags are provided in Table 4.6.  
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Table  4.6 Baseline airbag set up for driver and passenger models 
Properties Description Driver Airbag Passenger 
Airbag 
Size Volume 43 litres 120 litres 
Airbag 
Properties 
Thickness 0.5mm 0.38m 
Density 750kg.m-3 700kg.m-3 
Young's Modulus 250MPa 300MPa 
Poisson's ratio Not given 0.3 
Damping coefficient 0.1Ns.m-1 0.05Ns.m-1 
Discharge 
Pressure differential for 
airbag opening 36kpa 0.0kpa 
Contiguous time for 
pressure 7.5ms 0.0ms 
Delay after contiguous time 
exceeded 1.0ms 0.0ms 
Airbag fire time 25ms (EuroNCAP) 
25ms 
(EuroNCAP) 
Airbag permeability 0.015 0.042 
Inflator 
Exit temp 500k 574k 
Gas mixture 
N2 mol fraction 
=1.0 
 
N2=0.7222, 
02=0.13386, 
CO2=0.016, 
H2=0.0189, 
H2O=0.10789 
Jet radius 0.025m 0.025m 
Mass flow rate refer Figure  4.11 refer Figure  4.11 
 
 
Figure  4.11 Inflator mass flow rate of driver (left) and passenger (right) airbags 
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4.5 Baseline Model Setup 
4.5.1 Dummy Positioning  
Pre-simulation was performed to position the dummy on the seat. In this, the dummy 
was placed just above the seat and was allowed to be pulled into the seat by 
gravitational force. The contact interaction between the seat and dummy followed the 
material and contact characteristics specified in the input file. The simulation was 
performed till the dummy attained an equilibrium position by settling on the seat. 
The joint positioning menu in the software was then used to position the hands and 
foot of the dummy over the steering wheel and pedals respectively. The initial 
deformation of the neck and the lumbar spine was not considered in this study. The 
same procedure was then followed to attain an occupant driving posture when a 
different sized dummy was accommodated. 
4.5.2 Belt Fitting 
Using XMADGIC belt positioning menu, the seat belt was fitted over the dummy. 
Extra care was taken to achieve a proper seat belt fit. The position of the shoulder 
belt anchorage was altered to suit the baseline model. For the 50th percentile dummy, 
the height adjustment was set at the mid-point of the vertical height adjuster. 
4.6 Validation of the Baseline Model 
Figure  4.12 shows the developed driver and passenger occupant restraint 
compartment models. The intentions of these validations were to fulfil the following 
requirements: 
• To develop a baseline model representing a passenger car compartment. 
• To change the model set-up if any issues are found. 
• To test if the baseline predictions are comparable in magnitude to the 
equivalent results.  
• To develop a baseline model in which variations can be made to 
accommodate different sized dummies. 
• To generate confidence about the model for further application in this 
study.  
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Figure  4.12 Baseline driver (left) and passenger (right) models with 50th percentile H3 
ellipsoidal dummy 
To assure the baseline models are a representation of an equivalent vehicle, the 
developed models were validated in 2 stages, as explained in following sections 
(4.6.1 and 4.6.2). 
4.6.1 Validating the Attributes of the Baseline Model  
Firstly, attributes of the generic models such as dummy orientation (pelvis angle), 
position of dummy with respect to vehicle interiors (e.g., chest to steering hub 
distance, nose to steering rim distance, abdomen to steering rim distance), and 
orientation of the vehicle components (e.g., angle of steering wheel and steering 
column angle) were compared against measurements obtained from the USNCAP 
frontal barrier test reports of vehicle classified as a small family car according to 
EuroNCAP. The details of the real car samples used in this study are listed in Table 
A- 1. 
Table  4.7 shows measurement of the baseline model and it’s comparison with the 
real car sample. It can be observed that most of the baseline model’s attributes were 
between the 25th and 75th percentile of the real world sample. The windscreen angle 
and the distance between the windscreen and the head varied largely from the real 
world sample. The windshield was developed using the PRISM model, the 
windscreen guided the proper inflation of the passenger airbag, so attempts were not 
made to correct the position. Moreover, the dummy had not contacted the windscreen 
in any of the simulated impacts limiting that the effect of this on the final estimates. 
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Table  4.7 Comparison of baseline model attributes with the real world sample. 
Measurement 
Description Units Baseline 
Real World Sample 
25th 
percentile mean 
75th 
percentile 
Windscreen Angle deg 34.0 21.5 23.6 25.0 
Steering Wheel Angle deg 67.4 64.9 67.5 69.9 
Steering Column 
Angle deg 22.7 
20.1 22.5 25.2 
Head to Windshield 
Distance mm 556.0 
611.5 738.0 789.0 
Nose to Rim Distance mm 415.0 372.0 401.0 438.5 
Chest to Steering Hub 
Distance mm 320.0 
289.5 335.0 348.0 
Rim to Abdomen 
Distance mm 206.0 
182.5 201.0 224.0 
Pelvic Angle deg 22.9 21.9 23.5 24.4 
4.6.2 Validating the Dummy Predictions 
In general, the baseline dummy predictions can be validated by comparing the 
simulation outputs with full-scale crash test results obtained from equivalent vehicles. 
However, this approach needs collaboration with motor manufacturers or with crash 
test centres. Being a project partner in the European PRISM project, Loughborough 
University had access to the mathematical simulation models developed in the 
project. Therefore PRISM models were considered for validation due to its 
availability and its similar modelling approach to the baseline model.  
4.6.2.1 PRISM model 
The PRISM vehicle compartment model was developed using the MADYMO V6.1. 
It was adapted from the MADYMO frontal application model available at that time. 
Three compartment models were developed each representing a super-mini, small 
family hatchback and midi-MPV vehicle segments (Bosch-Rekveldt et.al., 2005). 
Like the baseline model, the kinematic joints, steering assembly, frontal restraints 
and driver airbag systems of the PRISM model were adapted from the MADYMO 
frontal application model. The small family car compartment model was similar to 
the model studied in this research. 
To develop compartment shells and interiors, four cars in each of the selected vehicle 
segment were considered. The compartment measurements were collected using a 
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3D FARO measuring arm. Using MATLAB, the measured coordinate information 
was converted into a series of wireframe images. Generic models were then 
developed by combining chosen features for each car from the wireframe images 
(Figure  4.13). The front seats in PRISM were modelled as rigid facet surfaces with 
geometry adapted from existing data. The characteristics of the seat cushion and seat 
back were developed from the MADYMO frontal application model. The 
MADYMO V4.2 facet Hybrid III dummy models were used in the front seats. 
Human dummy models were also used to compare the prediction of dummy outputs. 
In PRISM, a decelerating crash pulse was applied to the vehicle compartment, 
allowing the vehicle model to move backwards thus simulating a crash. The PRISM 
model was validated by comparing the numerical predictions with a EuroNCAP 
impact pulse with the equivalent measures obtained from a number of full scale 
EuroNCAP frontal crash tests completed in the same vehicle class.  
 
                          Driver side compartment        Passenger side compartment 
 
               50th Hybrid III facet dummy in front seat positions  
 
Figure  4.13 Images of the MADYMO PRISM small family car model (Bosch-Rekveldt et.al., 
2005) 
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4.6.2.2 Validation setup 
The predictions of baseline models developed for this study was validation by 
comparing the prediction of small family hatchback PRISM model in a EuroNCAP 
crash pulse (Figure  4.14). Since the predictions of the PRISM model was not 
available, it was decide to conduct simulations using the available MADYMO model. 
Using the XMADGIC translation menu, the PRISM input XML files were translated 
from the older version (v6.4) to the latest version (v7.4.1). The codes which had 
compatibility issues were changed manually after reviewing the MADYMO 
reference manual (TNO 2012e). The peak acceleration of the applied EuroNCAP 
crash pulse was 36.97g at 82.4ms. The deployment parameters of the baseline frontal 
restraints were set similar to the PRISM model. The airbag and the pretensioner were 
fired at 25ms and 15ms respectively and the SBL threshold was set at 4kN.  
 
Figure  4.14 PRISM EuroNCAP validation pulse. 
4.6.2.3 Results 
Figure  4.15 compares the baseline predictions of the resultant head, chest and pelvic 
acceleration against measures obtained in comparable tests using the validated 
PRISM numerical model. The acceleration time history curves were compared using 
the MADYMO Object Rating tool. The difference in maximum peak response ( ), 
maximum peak time ( ), difference area under curve ( ) and weighted integrated 
score using factor method (  ) between two models are provided under each image. 
From the figures, visually it can be seen there are differences in peak responses and 
timing predicted by the two models. However, the magnitudes of the baseline 
predictions are highly comparable to the PRISM predictions. The peak acceleration 
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values of the baseline models for all three body regions in both seat positions are 
similar to the PRISM predictions by at least 95%.  
 
                         
Driver head              Passenger head 
 
                    
Driver chest            Passenger chest 
 
        
Driver pelvis             Passenger pelvis 
Figure  4.15 Comparison of baseline and PRISM predicted head, chest and pelvis 
acceleration for driver and passenger baseline model under EuroNCAP impact conditions 
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The differences in acceleration responses were mainly due to modelling differences. 
For instance, the distance between the dummy and the steering wheel in the baseline 
model (320mm) was significantly higher compared to the PRISM model (280mm). 
Also, the volume of the PRISM airbag was greater than the baseline model. Due to 
the closer seating position and larger airbag size, the dummy in the PRISM model 
contacted the airbag early compared to the baseline, therefore dummy restraining 
earlier. This can be noticed from the difference in the head and chest acceleration 
responses between the two models. 
Table  4.8 compares the injury responses between the two models. There are 
observable differences in injury outcomes, especially to the chest compression in the 
driver seat and HIC outcome in the passenger seat. Nevertheless, the overall the 
overall magnitude of the baseline predictions were comparable and the injury 
predictions were well below the thresholds specified in the European frontal impact 
directive. 
Table  4.8 Comparison of Head and Chest injury criterion between two models 
Model 
Driver Passenger 
Head Chest Head Chest 
HIC36 
Peak 
Res 
Acc. 
(g) 
CC 
(mm) 
Peak 
Res. 
Acc. (g) 
HIC36 
Peak 
Res 
Acc. 
(g) 
CC 
(mm) 
Peak 
Res. 
Acc. (g) 
PRISM 
(reference) 563 67.4 29.0 39.7 571 54.6 31.2 37.0 
Baseline 593 64.4 35.5 38.5 470 53.2 32.8 36.7 
4.7 Sensitivity Study 
The intention of this study was not to tune the restraint parameters to the optimum 
setting, but to understand the influence of change in parameter on the outcome of 
dummy kinematics and injuries. Tuning the restraint parameters to an optimum level 
requires separate in-depth analysis conducting series of simulations with small step 
by step changes to the restraint characteristics. Interdependencies between one 
variable with the other variable add further complexity to perform such an analysis. 
For example, a small change in the permeability and hole opening threshold with 
respect to the baseline model may lead to a rapid loss of airbag pressure. In this 
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scenario, a small negative influence combined with another small negative influence 
results in a potentially dangerous situation.  
For this study, simulations performed during the development of the baseline model 
were utilised and few simulations were exclusively conducted. The seat belt 
parameters like the D-ring position, belt pay-out and airbag parameters like firing 
time, hole-opening pressure, airbag mass flow rate and airbag permeability were 
considered. The baseline parameters were changed at least once below and above the 
baseline setting. This was to understand the influence of those parameters in broader 
scenarios. The detailed injury outcomes are listed in Table A- 2. 
4.7.1 Driver Airbag Mass Flow Rate (DAB_MFR) 
Tested values (kg.s-1) – 0.5, 0.75, 0.90, 1.00, 1.10, 1.25, 1.50 
• Airbag mass flow rate controls the rate of the gas supplied by the inflator into 
the airbag chamber. 
• Apart from the baseline setting of 1kg.s-1, six different MFR values between 
0.5kg.s-1 to 1.5kg.s-1 were tested.  
• In general, the lower values of mass flow rate (0.5kg.s-1 < DAB_MFR <0.9 
kg.s-1) resulted in a higher HIC36. 
• The pressure of the gas inside the airbag with MFR 0.5kg.s-1 was very low 
resulting in the dummy head to ‘bottom-out’ i.e. head of the dummy struck 
the steering wheel through the airbag. Severe injury risk to the head and neck 
was predicted. 
• With MFR greater than the baseline (1.1 <DAB_MFR< 1.5), the predicted 
HIC36 values were less than the baseline. The change in the chest 
compression values was minimal and they were less than the baseline 
predictions. 
• The high MFR values may benefit the 50th percentile occupant, but it may 
have worse outcome for smaller occupants who tend to sit closer to the 
steering wheel. 
4.7.2 Driver Airbag Hole-Opening Pressure Differential (DPEX) 
Tested values (kPa) – 3.4, 3.5, 3.6, 3.8, 4.0, 5.0  
• The DPEX controls the airbag vent opening. 
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• In general the airbag hole opening with high DPEX resulted in a higher head 
injury risk. The predicted HIC36 of 5kPa model was 39% greater than the 
baseline model prediction. 
• In the lowest tested value (3.4kPa), the outflow of gas through the hole was 
high, resulting in the head to bottom out. For this reason, another low level 
setting was not tested.  
• The chest compression in general increased with an increase in the DPEX 
value. 
4.7.3 Driver Airbag Permeability 
Tested values -0, 0.01, 0.015, 0.025, 0.035, 0.05 
• The permeability value generally depends on the airbag fabric which also 
controls the rate of gas escaping from the airbag. 
• The permeability value when greater than baseline setup (> 0.015) produced 
higher HIC36 scores.  
• The simulations with the 0.01 value and no airbag permeability predicted less 
head injury risk compared to that of the baseline.  
• The change in the permeability setting hasn't changed the chest compression 
outcome.  
4.7.4 Airbag Firing Time 
 Tested values (ms) – 15, 20, 25, 33, 45 
• Triggering the airbag later than the baseline setup (25ms < Airbag fire 
Timing <45ms) resulted in reduced head injury risk. 
• Compared to the baseline model, airbag deployment at 33ms predicted a 
reduction in HIC36 and CTI by 5 % and 3% respectively.  
• Unlike other models, the head of the dummy under 45ms struck the unsettled 
airbag. 
• The HIC36 and CTI were similar to the baseline model, when the airbag was 
triggered at 15ms and 20ms. 
4.7.5 Shoulder Anchorage Position 
Tested values – Low, Mid, Top 
• The shoulder anchorage position controls the belt fit around the occupant. 
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• Belt anchorage position at ‘Top’ level allowed the dummy to displace more 
towards the steering wheel. The predicted chest injury response was less than 
the baseline values.  
• When the anchorage was positioned to ‘Low’ setting, proper belt fitment was 
not attained. For this reason, the simulation was not carried out.  
4.7.6 Load Limiting Initial Belt Pay-Out 
Tested values (mm) – 10, 30, 50  
• The rate of belt pay-out controls the retractor load and the triggering of the 
constant load limiting phase.  
• The highest tested initial pay-out setting of 50mm predicted higher head and 
chest injury risk compared to the baseline model. The amount of belt slack 
introduced in this setting was greater than the baseline model. 
• The lowest tested setting (10mm) had predicted no significant change to 
HIC36 and CTI predictions. The chest excursion was less when compared to 
the baseline and 50mm setting. 
4.8 Crash Scenario Selection 
To investigate the effect of smart load limiters within specified populations of car 
occupants, a wider range of crash scenarios are required to represent the real world 
impact conditions. The variations in the real world crashes are huge in terms of 
impact speed, overlap, direction of force, etc. Simulating all of those scenarios is out 
of scope. Therefore, a reasonable number of scenarios representing a wider range of 
real world scenarios were decided to be selected from the CCIS accident sample.  
The crash scenarios to include both European (EuroNCAP) and American (USNCAP) 
consumer test programmes. These two standard crash scenarios are aimed to simulate 
severe impacts beyond which the chance of severe structural damage and frontal 
compartment intrusion is likely to occur. Therefore these two impact scenarios 
(EuroNCAP and USNCAP) were considered as the maximum operable impact 
severity limit beyond which the SMART load limiters may not be effective. 
4.8.1 Target Population 
It was anticipated that varying the load limiter threshold will reduce the skeletal chest 
injuries (sternum and rib fractures) that are caused by seat belt loading. The weighted 
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frontal working sample of 7729 front seat occupants consisted of 524 (7%) with an 
AIS 2+ chest injury (Figure  4.16). Of those, 377 (73%) had one or more chest 
injuries solely due to seat belt loading, the remaining 28% had chest injuries caused 
either by the steering wheel or possibly airbag alone or a combination of 
restraints/vehicle interiors. These 377 front seat occupants, who had sustained AIS 
2+ chest injury by a seat belt in the frontal crashes, formed the base sample for this 
study consisting of 281 drivers and 96 front passengers. 
 
Figure  4.16 Description of the target group. 
4.8.2 Crash Scenarios from the CCIS Database 
The front end overlap of the vehicles of the 377 front seat occupants were 
categorised as: a) offset overlap (overlap < 55%), b) mid overlap (overlap between 
55% and 84%) c) full overlap (overlap > 84%). The idea behind this categorisation 
was based on the distribution of vehicle frontal loading (Hill et al. 1995). For the 
offset impact, it was assumed that only one or no longitudinal was impacted in the 
crash. For the mid overlap crashes, it was assumed that one longitudinal was 
impacted in the collision and a significant amount of collision energy was 
transmitted via the engine block. The full overlap represents the collision where both 
the longitudinal were loaded axially and they absorbed the majority of the crash 
energy from the collision. Figure  4.17 shows the distribution of overlap percentage 
of the selected 377 front seat occupants. 37% of the cases were offset category, 34% 
were mid overlap and 29% were categorised as the full overlap. 
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Figure  4.17 Distribution of overlap 
4.8.2.1 Offset overlap 
The distribution of ETS for 138 front seat occupants who had sustained AIS 2+ chest 
injury by seat belt in this impact type is shown in Figure  4.18. A frontal overlap of 40% 
was considered to represent this crash type, as it is the standard in the offset 
regulatory/consumer crash tests. The ETS range was between 8km/h and 59km/h. 
The majority of the impacts were at ETS between 21km/h and 30km/h. Since the 
crash speeds are relatively narrow, one crash scenario may be sufficient to represent 
the majority of the offset crash types in this sample. Also, the EuroNCAP crash test 
scenario (64km/h at 40% overlap) can represent high speed impacts.  
 
Figure  4.18 ETS distribution for offset impacts 
Table  4.9 shows the percentiles of the ETS in offset impact conditions. The mean 
ETS (28km/h) is sufficient to represent this impact type. 
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Table  4.9 ETS Percentiles for offset impacts 
 
Percentiles 
5 10 25 50 75 90 95 
Weighted 
Average 
(Definition 1) 
9 14 22 28 36 42 46 
Tukey's 
Hinges     22 28 36     
4.8.2.2 Mid overlap 
The mid overlap was selected to represent the crashes where the overlap was 
between 55% and 84%. In this crash type, effectively only one longitudinal is 
impacted in the collision. The mean overlap from the sample was 70%. Figure  4.19 
shows the distribution of the crash speed. The range of ETS was between 13km/h 
and 105km/h. 90% of the crash speed was below 45km/h.  
 
Figure  4.19 ETS distribution for mid overlap impacts 
Table  4.10 shows the percentiles of the ETS in mid overlap impacts. Since the ETS 
range was large, it was decided to ignore the outlier and to select the 25th and 75th 
percentile crash speeds that were 25km/h and 39km/h respectively.  
Table  4.10 ETS Percentiles for mid impacts 
 
Percentiles 
5 10 25 50 75 90 95 
Weighted 
Average 
(Definition 1) 
17 18 25 33 39 45 57 
Tukey's Hinges     25 33 39     
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4.8.2.3 Full overlap 
Around 96% of the target group of this crash type had a 100% frontal overlap 
distribution. Figure  4.20 shows the ETS distribution for the full overlap impacts. The 
range of crash speed was between 18km/h and 79km/h. The majority (40%) of the 
crashes were in the ETS band of 31km/h to 40km/h. The second major (29%) crash 
speed band was between 21km/h and 30km/h. Only 10% of the impacts were greater 
than 50km/h.  
 
Figure  4.20 ETS distribution for full overlap impacts 
Table  4.11shows the ETS percentiles. The mean crash speed of 36km/h was selected 
to represent this crash type. The USNCAP crash scenario (56km/h @100%) can 
represent the crash speed above the 75th percentile. 
Table  4.11 ETS Percentiles for full impacts 
 
Percentiles 
5 10 25 50 75 90 95 
Weighted 
Average 
(Definition 1) 
18 23 27 36 40 51 57 
Tukey's 
Hinges     27 36 40     
The selected crash scenarios and its broad representation of real world crash 
scenarios are provided in Table  4.12 .The crash pulse for the selected impact 
scenarios were requested from the research labs and automotive and restraint 
manufacturers. 
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Table  4.12 Selected crash scenarios and its real world representation 
Selected impact scenario Real world impact scenario 
28km/h @ 40% overlap ETS < 45km/h, overlap < 54% 
64km/h @ 40% overlap ETS > 45 km/h, overlap < 54% 
25km/h @ 70% overlap ETS < 33km/h, overlap: 55% - 84% 
39km/h @ 70% overlap ETS > 33 km/h, overlap: 55% - 84% 
36km/h @ 100% overlap ETS < 40km/h, overlap > 84% 
56km/h @ 100% overlap ETS > 40 km/h, overlap > 84% 
This exercise proved to be difficult as it required picking a specified number of crash 
scenarios to represent vast real world scenarios. However, this method is considered 
to be appropriate and advantageous because of a) inherent variability in the real 
world scenarios, b) constraints in time availability, c) manageable number of crash 
pulses and d) difficulty in developing a detailed numerical model that can cope with 
large variation in impact conditions.  
4.9 Summary 
• Generic baseline driver and passenger numerical models were developed 
using MADYMO software. 
• The attributes of the compartment model was comparable to the measures 
obtained from the real cars. 
• The injury predictions of the baseline model were comparable to those of the 
equivalent validated PRISM model results. 
• In total, 6 crash scenarios were selected from the real world accidents to 
study the benefits of smart load limiters.  
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Chapter 5 Parametric Investigations Assessing 
the Benefits of SMART Load Limiters  
5.1 Introduction 
The aim of this study was to assess the effect of varying seat belt load limiter 
threshold on dummy kinematics, injury outcome and restraint performance in 
different frontal impact scenarios. Based on the review of literature and accident data 
analysis, a simulation test matrix was carefully designed to include occupant and 
crash characteristics representing wider real world crash scenarios. Using the 
baseline numerical compartment models, numerical simulations were conducted in 
the selected frontal impacts. The different simulation tests varied the crash pulse, 
Hybrid III dummies, seating positions and seat belt load limiter threshold. The results 
of the simulations tests were studied in detail to identify frontal impact scenarios 
where smart load limiters have potential for reducing injury risk. 
5.2 Accident Variables 
The injury outcome in an automotive crash depends on several factors; therefore it is 
necessary to set the scope and framework for this study. From literature and 
analysing the accident data, accident variables such as impact speed, front end 
overlap, occupant size, age and seating position were found to influence injury risks 
in frontal impacts and was included in this parametric simulation study. 
Passenger compartment intrusion was not considered in this study based on two 
premises. Most European vehicles would exhibit minimal intrusion in the selected 
impact scenarios, and intrusion would limit the scope for injury reduction using a 
variable load limiter. It has also to be noted that there are numerous other factors like 
occupant postures, steering wheel position, and vehicle class were not assessed 
which could influence the injury risk outcome in a frontal crash. These factors could 
be considered for future work. 
5.2.1 Impact Conditions 
Impact condition significantly influence injury severity outcome in a crash. Standard 
regulatory and consumer impact test procedures generally emphasis the restraint 
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performance in a limited predetermined set of impact scenarios. From the real world 
accidents, it was understood that most of the accidents occur away from these 
standard test conditions.  
To represent real world frontal crashes, crash pulses selected from the CCIS data 
(Table  4.12) was planned to be included in this study. However, obtaining crash 
pulses for those selected impacts were challenging due to the crashes being non-
standard. For this reason, a different approach was considered. The simulations were 
decided to be conducted with available crash pulses that can still represent the range 
of real world frontal impact scenarios. The crash pulses used in the parametric 
investigation and its real world representation are detailed in Section 5.3. 
5.2.2 Occupant Size  
The European regulatory and NCAP frontal test programmes are mainly based on 
injury outcomes of the 50th percentile Hybrid III dummy. However, occupants of 
different sizes use cars. Therefore, it is important to develop restraint systems 
providing equal safety for wider occupant statures. In this study, different sized 
occupants were represented using the 5th, 50th and 95th percentile dummies. The seat 
track positions in the model were determined by the size of the dummy. Accordingly, 
the 50th percentile male dummy was seated in the mid track position, the 5th 
percentile female dummy and 95th percentile male dummies were positioned in the 
foremost and rearmost seat positions respectively. 
5.2.3 Occupant Age 
Occupant age was found to be an important factor influencing injury outcome in 
frontal crashes. To study the effect of age on injury outcome using numerical 
simulations, the following two approaches were considered. 
• To develop numerical dummy models accounting for variability in occupant 
age. 
• To develop/use transfer functions relating the chest injury criterion values 
(like chest compression, chest acceleration, VC, CTI) to the likely AIS chest 
injury risk for occupants of different ages. 
The first method requires developing numerical dummies or altering the existing 
models to represent varying age. Developing such model is complicated and time 
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consuming and it requires access to detailed biomechanical data. The second 
approach is much simpler compared to the former and can be employed with the 
available MADYMO dummy models without any modification. Therefore, the 
second method was considered for this research. The methods relating the dummy 
responses into likely AIS risks are detailed in Chapter 6. 
5.2.4 Occupant Seating Position 
The injury risk to an occupant in an impact varies with the seating position 
depending on whether they are a driver or front passenger. The real world data 
analysis showed that the injury outcome in frontal crashes differ between drivers and 
front passengers. Therefore, it is necessary to assess the benefit of smart load limiters 
in both front seating positions. 
5.3 Crash Pulse Definition  
The following five crash pulses were applied to the numerical models. 
1. Low severity crash pulse 
• Low FRB: Full width rigid barrier impact at 26 km/h  
• Low ODB: 40% offset deformable barrier impact at 40 km/h  
2. Mid severity crash pulse  
• Mid: 40% offset deformable barrier impact at 56 km/h 
3. High severity crash pulse 
• EuroNCAP: 40% offset deformable barrier impact at 64 km/h 
• USNCAP: Full width rigid barrier impact at 56 km/h  
The two low severity crash pulses were obtained from the PRISM project which was 
an aggregate from several full scale crash tests of equivalent size European cars. The 
three standard pulses including European regulatory (ECE R94) and NCAP test 
programmes (EuroNCAP and USNCAP) were obtained from a leading automotive 
manufacturer. The vehicle model and year of manufacturing were not revealed by the 
manufacturer due to confidentiality reasons, but they fit in the C class segment 
similar to the developed baseline numerical models. The crash pulses are provided in 
Figure  5.1. 
These five selected crash pulses are intended to represent the following real world 
crash scenarios with no intrusion, both in terms of front end overlap and impact 
146 
speed. The overlap bands were widened from the original classification (Section 
4.8.2) to restrain as many cases as possible while still representing the general type 
of loading severity of the simulated impacts. Real world cases with overlap above 
70% were included as the full overlap instead of previously selected 85% and above. 
Similarly, the offset category is altered to accommodate real world cases with 
overlap up to 60% rather than previously selected 54%. These assumptions were 
made in the absence of any available mid overlap crash pulse. Though these crash 
pulses were not same as the scenarios selected from the accident data, it still covers 
as wide a range of frontal crash conditions as possible with variations in impact 
speeds, and front end overlaps. 
1. Low severity crash pulse
• Low FRB: ETS ≤ 40 km/h, overlap >70%
• Low ODB: ETS ≤ 45 km/h, overlap <60%
2. Mid severity crash pulse
• Mid: ETS 46 – 60 km/h, overlap <60%
3. High severity crash pulse
• EuroNCAP: ETS > 60 km/h, overlap <60%
• USNCAP: ETS > 40 km/h, overlap >70%
5.3.1 Low Severity Crash Pulse 
The accident data analysis identified that majority of front seat occupants with 
serious chest injury from the seat belt were involved in a relatively a low severity 
crash. Therefore, it is important to evaluate the performance of smart load limiting 
systems in low severity frontal impacts. It is also believed that adapting load limiters 
in these scenarios has potential to reduce chest injury risk, benefiting elderly 
occupants. The crash pulses (Figure  5.1 a, b) broadly represents short (low FRB) and 
long (low ODB) duration low severity crashes. 
5.3.2 Mid Severity Crash Pulse 
In absence of intrusion, employing a low SBL threshold may reduce seat belt forces 
on the chest in Mid severity impacts. The parametric assessments were designed to 
test this assumption. Figure 5.1c shows the crash pulse that was applied to represent 
this crash type. The acceleration time history curve of the Mid crash pulse follows a 
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similar pattern to that of the EuroNCAP pulse (Figure  5.1d) but the peak acceleration 
value is lower than the EuroNCAP pulse. 
5.3.3 High Severity Crash Pulse 
The crash safety of passenger cars in Europe and the US are driven by NCAP tests. 
Figure  5.1 d and 5.1 e shows crash pulses representing EuroNCAP and USNCAP 
impacts, which were applied to evaluate potential performance gains that could be 
achieved using smart load limiters. The investigations may also produce information 
about any possible enhancements that could be made to the current test procedures. 
The peak acceleration in the USNCAP crash pulse is greater (39g) compared to the 
EuroNCAP impact (33g). The deceleration in the USNCAP impact occurred in a 
short duration and the peak acceleration occurred early in the crash when compared 
with the EuroNCAP pulse.
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   a) Low FRB       b) Low ODB       c) Mid 
 
 
d) EuroNCAP     e) USNCAP 
Figure  5.1 Crash pulses applied in the parametric tests
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5.4 Parametric Investigation to Assess the Selected Accident 
Variables 
This section investigates the performance of baseline models in selected accident 
variables. The dummy kinematics and injury outcomes were analysed for changes in 
dummy seating position, dummy size and impact condition with respect to the 
baseline impact setting i.e. 50th percentile dummy, diver seating position and 
EuroNCAP pulse. The injury resposes of the dummy head (HIC36), neck (Nij), chest 
(chest compression, and CTI), and femur (FFC) were assessed. Injuries to the upper 
extremities were not assessed mainly because the baseline models are not capable of 
simulating the interaction of occupant’s hands with the door. 
5.4.1 Restraint Firing Time 
The airbag and pretensioner firing times are usually decided based on the rate of 
vehicle deceleration. The pretensioner is usually fired at a lower threshold than the 
airbag9.In this study, the pretensioner was fired at 15ms after the onset of the crash, 
in all crash scenarios. The pretensioner firing time was from the PRISM and 
MADYMO frontal models. 
The airbag firing time was set according to the crash severity. In scenarios where the 
deployment of the airbag was not clear, an extra simulation without an airbag 
deployment was conducted. For instance, in the 26km/h FRB impact, the severity of 
the crash is in borderline to trigger an airbag, so the deployment of the airbag is not 
clear. Therefore, two simulations: a) with airbag deployment and b) without airbag 
deployment was conducted for low FRB crash pulse. 
The firing time of the airbag was determined using the standardised rule as explained 
in Section 2.6.5 (Bergfried et al. 1990). For the EuroNCAP scenario, the value 
estimated using this method was 33ms, which was considered to be late for this crash 
type. Especially, employing airbag triggering time of 33ms in the EuroNCAP pulse 
with the small dummy which is positioned closer to the steering wheel, increase the 
chance of unstable interactions between the dummy and the airbag. Therefore, it was 
decided to use the firing time employed in the PRISM baseline model (25ms). 
Similarly, for the low and USNCAP impacts, firing time employed in the PRISM 
9 http://ec.europa.eu/transport/roadsafety_library/publications/cita_study_2.pdf 
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baseline models was used. For the Mid impact, the airbag firing time was set at 28ms. 
The firing time of the modelled pretensioner and airbag employed are listed in 
Table  5.1. 
Table  5.1 Pretensioner and airbag firing time 
Impact Scenarios Pretensioner firing time Airbag firing time 
Low FRB 15ms 45ms 
Low FRB 15ms No 
Low ODB 15ms 38ms 
Mid 15ms 28ms 
EuroNCAP 15ms 25ms 
USNCAP 15ms 15ms 
5.4.2 Comparison of the 50th %ile Driver in Front Seating Positions  
5.4.2.1 Predicted Occupant Kinematics  
• The sequence of the driver and front passenger kinematics are shown in 
Figure  5.2. 
• The acceleration of the dummy head in both front seating positions increased 
rapidly (Figure  5.3) once the dummy struck the airbag.  
• The head of the driver struck the centre of the steering airbag (Figure  5.2c) at 
75ms. The passenger head contacted the airbag later (80ms) in the simulation 
when compared to the driver (Figure  5.2g). 
• The forward excursion of the driver was restricted much earlier than the 
passenger, leading to a comparatively aggressive penetration of the head and 
thorax into the airbag. Whereas, the dummy in the passenger seat had more 
distance available over to reach the common acceleration before it contacted 
the airbag. 
• The peak resultant head and chest acceleration with the driver was greater 
than the passenger. The head and thorax acceleration in both front seats are 
shown in Figure  5.3. 
• For both models, the diagonal belt was maintained across the chest through 
the crash, limiting forward displacement of the dummy. 
• The lap belt maintained the position of the dummy pelvis. The anti-
submarining bar restricted the occupant sliding further under the seat. 
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• At the end of the simulation, due to seat belt restricting the movement of the 
dummy, the upper thorax was rotated towards the restrained side of the 
shoulder. This can be noticed in Figure  5.2 d and Figure  5.2 h. 
 
        a) Driver- 0ms                                    b) Driver- 30ms 
 
    c) Driver-75ms               d) Driver- 130ms 
 
e) FSP- 0ms                                        f) FSP-30ms 
 
             g) FSP-80ms     h) FSP-130ms 
Figure  5.2 Kinematics of the baseline driver and passenger models in EuroNCAP impact 
condition  
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Figure  5.3 Predicted head (left) and thorax (right) acceleration of the baseline models in the 
EuroNCAP impact condition. 
 
              a) Retractor –Shoulder belt load                  b) Shoulder- buckle belt load 
 
                                                                 c) Anchor belt load 
Figure  5.4 Belt loads for the baseline model in both seating positions at different belt 
segments  
5.4.2.2 Predicted Seat Belt Response 
• Figure  5.4 shows the force acting on the belt system at different belt segments. 
• The retractor belt load was controlled by the load limiter. The retractor belt 
force increased till the threshold force (4.1kN) was reached, after which the 
loads were plateaued by the introduction of the belt into the system. 
• The pretensioner was fired at 15ms after the start of the simulation which can 
be seen as a peak in the belt loads in Figure  5.4.  
• The resultant force acting on the shoulder buckle segment depends on the 
force acting on the shoulder diagonal belt and lap belt. The increase in the 
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resultant load (>4kN) was due to higher forces acting in the lap belt which 
was not force limited like a shoulder belt. 
• Similarly, an increase in the belt load in the anchor belt region above 4kN 
was due to higher lap belt forces. 
5.4.2.3 Predicted Injury Outcome 
The summary of the injury outcomes with dummy in driver and passenger seat is 
listed in Table  5.2. Due to a greater available ride down space and less aggressive 
airbag contact, the head and chest injury predictions for the passenger were lower 
compared to that of the driver. The neck extension outcome was greater for the driver 
due to relatively harsher head contact with the airbag when compared to the 
passenger dummy. The more detailed results in the EuroNCAP test format are 
provided in Table A- 3. 
Table  5.2 Summary of EuroNCAP impact test result 
ATD HIC36 
Head 
3ms (g) 
Neck 
Extn. 
(Nm) 
Nij 
Chest 
Comp. 
(mm) 
VC 
(m/s) 
CTI 
FFC max. 
(kN) 
Driver 571 59.6 11.8 0.27 36.0 0.14 0.81 2.16 
FSP 444 50.9 7.7 0.28 32.8 0.11 0.78 1.69 
5.4.3 Comparison of the 50th %ile Driver in Different Impacts 
5.4.3.1 Predicted Occupant Kinematics  
• Figure  5.5 show kinematics of the 50th percentile driver in selected impacts.  
• In general, the severity of the crash pulse determined the rate of dummy 
acceleration and the amount of dummy forward displacement. 
• The airbag contact time varied with the crash severity. Compared to the 
USNCAP pulse, the head of the dummy in EuroNCAP, Mid, low FRB and 
low ODB pulse, struck the airbag later by 20ms, 25ms, 25ms and 35ms 
respectively. 
• Figure  5.6 shows the time history curve of the resultant head and thorax 
accelerations. The peak head and thorax acceleration was highest in the 
USNCAP impact and it reduced with the crash severity. This is in line with 
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the expectations considering the kinetic energy in USNCAP impact being 
much greater compared to other impacts.  
• Figure  5.7 shows the time history curve of the distance between the head and 
steering wheel and the thorax and steering wheel. The forward displacement 
of the dummy increased with the crash severity and was highest in the 
USNCAP pulse. 
• In all impact conditions, the shoulder belt and the lap belt were maintained 
across the chest and abdomen respectively throughout the simulation. 
• In the USNCAP and low FRB impacts, the dummy was rebounded from the 
airbag and loaded the seat back. This was not clear in ODB impacts because 
the kinematics of the dummy was not studied after 135ms.  
• Unlike other impacts where the dummy head contacted the airbag square on, 
the chin of the dummy loaded the airbag first in the USNCAP impact 
(Figure  5.5g).  
• Rotation of the upper thorax towards the restrained side of the shoulder was 
not seen in any of the low crash pulses. This suggests that in low severity 
crashes, the likelihood of the diagonal belt to slip from the occupant’s 
shoulder is less. 
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        a) Low FRB 75ms                         b) Low FRB 130ms 
 
     c) Low ODB 85ms                            d) Low ODB 130ms 
 
                   e) Mid 75ms                                     f) Mid 130ms 
 
g) USNCAP 55ms                                  h) USNCAP 115ms 
Figure  5.5 Images from the 50th percentile Hybrid III dummy model from the simulated 
impacts with 4kN load limiter. 
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Figure  5.6 Time history curve of head resultant acceleration (left), resultant thorax 
acceleration (right) 
 
Figure  5.7 Head to wheel distance (left) and thorax to wheel distance (right) 
5.4.3.2 Predicted Seat Belt Response 
• As shown in Figure  5.8, the measured retractor forces in all impact severities 
were very similar in the first 20ms of the impact and the forces changed after. 
• The resultant retractor force of both low crash pulses never reached the 
maximum threshold of 4kN (Figure  5.8). This suggests that the function of 
the load limiter was not fully utilised in low severity impacts. 
• The rate of seat belt load was determined by the dummy excursion which in 
turn depends on the crash severity. The load limiting phase started early in 
the USNCAP simulation compared to other models. 
 
Figure  5.8 Time history curve of retractor belt force in different impact scenarios. 
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5.4.3.3 Predicted Injury Response 
• The HIC scores in the low severity impacts (Low FRB and Low ODB) were 
less by at least 60% compared to that of the EuroNCAP simulation. 
• The HIC was highest in the USNCAP pulse, suggesting higher head injury 
risk in such impacts. 
• Unlike the chest compression outcome, the CTI in the EuroNCAP pulse was 
greater than the USNCAP pulse. This is because, the chest compression in an 
impact largely depends on the seat belt load acting on the chest, provided the 
chest did not bottomed out. Moreover, the shoulder belt force acting on the 
chest is limited by the load limiter; whereas the CTI is partly depend on the 
chest acceleration. 
• The chest acceleration of the USNCAP pulse was greater than the EuroNCAP 
impact, therefore higher predicted CTI in the USNCAP impact. 
• The predicted Nij in the EuroNCAP impact (0.27) was the highest among all 
impacts.  
• The femur load in the low and Mid severity impacts was less when compared 
to the EuroNCAP impact. The femur load in the USNCAP impact was almost 
20% greater than the EuroNCAP impact. 
 
Figure  5.9 Percentage change in injury score of 50th Hybrid III dummy in different impacts 
compared to the baseline EuroNCAP impacts. 
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5.4.4 Comparison of Different Size Dummies in the EuroNCAP Impact 
Condition in the Driver Position. 
5.4.4.1 Predicted Occupant Kinematics  
• The head of the 95th driver model struck the airbag 5ms later compared to the 
50th driver model. In contrast, the head of the 5th driver model contacted the 
deploying airbag early in the crash (Figure  5.10 a). 
• This unstable contact of the 5th percentile dummy head with the deploying 
airbag can be noticed from intermittent head acceleration peaks (Figure  5.11). 
• The peak head resultant acceleration of the 95th driver model was highest 
compared to other sized dummies (Figure  5.11). The further seating position, 
high body mass and higher centre of gravity majorly contributed to this 
difference. 
• By contacting the deploying airbag, the 5th driver model experienced greater 
neck extension. In contrast, the neck of the 50th and 95th driver model was in 
flexion for most part of the simulation until it was extended during the airbag 
rebound phase. 
• The forward excursion of the 95th driver model was greater than the other two 
models (Figure  5.12). The head of the 95th driver model approached the 
steering wheel closer than the 5th percentile dummy, although the larger 
dummy was seated much further compared to the smaller dummy 
(Figure  5.12). 
• Unlike the head excursion, the thorax of the 5th percentile dummy 
experienced lesser forward excursion when compared to the 95th percentile 
dummy. 
• In all simulations, the pelvis of the dummy dropped into the seat and further 
sliding under the seat was restricted by the anti-submarining bar. 
• The knees of the 5th driver model contacted the front facia earlier in the 
simulation compared to the larger and mid-sized dummies. 
• The diagonal belt of the 5th driver model slipped off slightly from the 
shoulder as shown in Figure  5.10b. It was mainly due to less surface area of 
the shoulder in the ellipsoidal dummy model. However, no significant effect 
on the dummy kinematics was noticed.  
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a) 35ms                             b) 130ms 
 
           c)   80ms                    d) 130ms  
Figure  5.10 Kinematics of 5th (top) and 95th (bottom) driver model in EuroNCAP impact 
conditions. 
 
Figure  5.11 Time history curve of dummy head resultant acceleration (left), resultant 
thorax acceleration (right) 
 
Figure  5.12 Head to wheel distance (left) and thorax to wheel distance (right) 
5.4.4.2 Predicted Belt Response 
Figure  5.13 shows the time history curve of the load acting on the retractor with 
different sized dummies in the EuroNCAP impact conditions with the baseline SBL. 
The rate of the shoulder belt loading was highest with the 95th driver model. The 
retractor load of the 95th dummy model reached the constant load limiting level 6ms 
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earlier compared to the 50th driver model. Also, the load limiting phase of the larger 
dummy existed for longer duration compared to other two dummies. For the 5th 
driver model, the retractor force was less than the constant load limiting value of 4kN. 
From the belt load response, it is apparent that the amount of belt introduced by the 
retractor will be highest with the 95th percentile dummy and lowest with the 5th % 
percentile dummy. 
 
Figure  5.13 Comparison of retractor belt loads of the 5th and 95th driver model  
5.4.4.3 Predicted Injury 
• As shown in Figure  5.14, except the Nij, the predicted injury scores with the 
5th percentile driver were less than the other two dummies. 
• When compared to the 50th driver model, HIC score with the 5th and 95th 
model was lesser by 50% and greater by 20% respectively. 
• The chest injury outcomes (CC, CTI) of the 95th driver model were greater 
compared to the other two models. 
• The femur compression load with the 50th driver model was greater than the 
small and large size dummies. 
 
Figure  5.14 Percentage change in injury score of the 5th and 95th driver model with the 50th 
driver baseline model 
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5.4.5 Section Summary  
The driver baseline model was applied in a series of simulations with varying crash 
scenarios. The simulation results showed that the dummy kinematics, restraint 
performances and injury outcomes varied with the frontal impact conditions. The 
observations are summarised below. 
5.4.5.1 Impact conditions 
• The dummy kinematics and injury outcome changed considerably with 
variations in crash pulse. 
• In general, the head and thorax acceleration and risk of femur fracture 
increased with the severity of crash.  
• The chest deflection in the USNCAP scenario was slightly less compared to 
the EuroNCAP test. However, the CTI was greater in the USNCAP impact 
due to higher chest accelerations. 
• The SBL had limited scope in the low severity impacts, where the peak 
retractor load was less than the maximum threshold value. 
5.4.5.2 Occupant Size 
• The injury and kinematics of the 5th percentile and 95th percentile dummy was 
significantly different from the standard 50th percentile dummy.  
• The smaller female dummy had unstable contact with the deploying airbag, 
resulting in high neck injury risk. 
• The head and chest injury risk were highest with the 95th percentile male 
dummy. 
• The seat track position of the dummies used in this study was a standard 
setting. To understand further the influence of occupant sizes on injury 
outcome, simulations with different seat track positions and occupant 
postures are required. 
5.5 Load Limiter Adaptation - Methodology 
The injury reduction potential that can be achieved by varying the SBL threshold was 
examined in this section. A series of simulation runs were performed and the dummy 
kinematics, injury outcomes and the restraint performances were examined in detail. 
The passenger side airbag was a simple model with no airbag self-contacts. 
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Therefore, it may not provide accurate results in out-of-position situations. 
Positioned closer to the steering wheel, the small female dummy is more likely to 
contact the airbag earlier in the deployment phase. For this reason, simulations with 
the 5th percentile dummy in the passenger seat were not included. The following are 
the numerical models considered for the parametric load limiter adaptation study.  
• 50th percentile male dummy in driver position. 
• 5th percentile female dummy in driver position. 
• 95th percentile male dummy in driver position. 
• 50th percentile male dummy in front passenger position and 
• 95th percentile male dummy in front passenger position. 
5.5.1 Load Limiter Definitions 
The seat belt load limiting threshold was varied between 2kN, 3kN, and 6kN along 
with a baseline model of 4kN. Figure  5.15 shows the characteristics of the single 
stage SBLs used in the compartment models. In all load limiter configurations, 
30mm of belt spool was allowed before reaching the constant load limiting phase. 
In addition to the four single stage constant load limiters, simulations with dual stage 
load limiters were also performed. 
In the degressive load limiters, the restraining force was kept relatively high at the 
start of the crash, when the occupant was restrained only by the seat belt. As the 
occupant moves forward and contacts the airbag, the restraining force was reduced to 
a lower threshold, preventing the risk of higher chest forces from the combined 
restraint loading. Therefore, this system provides a relatively even load on the 
occupant’s chest during the entire crash. In case of the progressive load limiters, the 
restraining force was kept low at the start of the crash and was increased to a higher 
threshold when the occupant contact the airbag. The intention of including dual stage 
limiters in this study was to test if any injury benefit can be achieved when compared 
to the traditional single stage load limiter. 
Figure  5.16 explains the retractor loading response of the modelled two stage 
progressive and degressive load limiters. The properties were adapted from Hardy et 
al. (2005). In each of these settings, once the belt spool of 100mm is reached, 
transition of load to the second level was initiated and after 130mm the maximum 
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belt load was maintained constant at the second level till the maximum belt spool 
(400mm) was reached. Due to time constraints, the dual stage load limiters were 
applied only with the 50th percentile dummy in both seating positions.  
 
Figure  5.15 Single stage load limiter definitions 
 
 
Figure  5.16 Dual stage load limiters Top: progressive, bottom: degressive 
5.5.2 Simulation Matrix 
Table  5.3 and Table  5.4 details the matrix of simulations devised to investigate the 
response of different sized dummies in the front seating positions in five selected 
crash pulses with different SBLs. The rationale behind the selected scenarios is 
detailed in Table  5.5.
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Table  5.3 Simulation matrix of the single stage load limiters 
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Load 
limiter at 
2kN 
Airbag 
fired                          
No 
airbag                                              
Load 
limiter at 
3kN 
Airbag 
fired                          
No 
airbag                                              
Load 
limiter at 
4kN 
Airbag 
fired                          
No 
airbag                                              
Load 
limiter at 
6kN 
Airbag 
fired                          
No 
airbag                                              
Total Simulations 120 
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Table  5.4 Simulation matrix of the dual stage load limiters 
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Progressive     
2-4kN 
Airbag fired           
No airbag                   
Progressive    
2-6kN 
Airbag fired           
No airbag                   
Progressive    
4-6kN 
Airbag fired           
No airbag                   
Degressive     
4-2kN 
Airbag fired           
No airbag                   
Degressive     
6-2kN 
Airbag fired           
No airbag                   
Degressive     
6-4kN 
Airbag fired           
No airbag                   
Total  Simulations 108 
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Table  5.5 General rationales behind the development of the simulation matrix 
ATD Position Impact Scenarios Load Limiter Rationale 
50th  H3 Driver / FSP Low FRB, Low ODB 2kN, 3kN Does the low load limiter setting have any potential injury reduction benefit 
in low severity impacts scenarios (most commonly occurring)? What is the 
difference in injury outcome between a 2kN and 3kN load limiter compared 
to the baseline? 
 
50th  H3 Driver / FSP Low FRB, Low ODB 4kN Does the simulation result indicate higher chest injury risks as predicted by 
the real world accidents? 
 
50th  H3 Driver / FSP Low FRB, Low ODB 6kN To demonstrate the likely kinematics of no/ high load limiter threshold (some 
of the vehicles in real world database had no load limiter).  
50th  H3 Driver / FSP Low FRB, Low ODB Progressive 
and degressive 
To demonstrate if two stage load limiting type can produce any injury benefit 
in low severity impacts compared to the traditional single stage model. 
50th  H3 Driver / FSP 56km/h @ 40% overlap 2kN, 3kN Can the low load limiter setting in moderately severe impacts reduce chest 
injury risk without increasing the injury risk to other body regions? Is the 
3kN load limiter better than the 2kN load limiter in terms of restricting 
forward movement and is it better than the baseline model in terms of injury 
reduction?  
 
50th  H3 Driver / FSP 56km/h @ 40% overlap 4kN To understand the typical European regulatory test and its injury outcome. 
50th H3 Driver / FSP 56km/h @ 40% overlap 6kN To demonstrate the likely kinematics of the no/ high load limiting.  
50th  H3 Driver / FSP 56km/h @ 40% overlap Progressive 
and degressive 
What are the belt response, dummy kinematics and injury outcome in each 
load limiter setting? What are the advantages and disadvantages of the two 
stage load limiter setting? 
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ATD Position Impact Scenarios Load 
Limiter 
Rationale 
50th  H3 Driver / FSP EuroNCAP, USNCAP 2kN, 3kN  To understand the functional capabilities of the seat belt system with the low 
load limiting in the severe impacts. Is there any injury benefit compared to 
the baseline model? What are the disadvantages?  
 
50th  H3 Driver / FSP EuroNCAP, USNCAP 4kN To test the kinematics and the injury outcomes of typical Europe and US 
consumer test programmes.  
 
50th  H3 Driver / FSP EuroNCAP, USNCAP 6kN Does the high load limiting threshold have any injury or kinematics benefit 
compared to the baseline model? 
50th  H3 Driver / FSP EuroNCAP, USNCAP Progressive 
and degressive 
What is the injury outcome in each load limiter setting? Do these types of 
load limiters possess any injury benefit compared to the traditional SBL? 
5th H3 Driver Low FRB, Low ODB 2kN, 3kN Does this set-up benefit the small dummy sitting closer to the steering wheel?  
Does the occupant contact the deploying airbag? 
 
5th H3 Driver Low FRB, Low ODB 4kN Is the baseline 4kN model the best restraint setup for this type of crash 
scenarios? 
 
5th H3 Driver Low FRB, Low ODB 6kN Can high load limiter threshold avoid airbag slap type situations? 
5th H3 Driver 56km/h @ 40% overlap 2kN, 3kN Can the low load limiter be used in mid severity impacts? Does the occupant 
contact the deploying airbag? 
 
5th H3 Driver 56km/h @ 40% overlap 4kN To test the applicability of European regulatory test for smaller occupants. 
 
 
5th  H3 Driver 56km/h @ 40% overlap 6kN  How different is the injury response from the baseline model?  Can the high 
load limiter setting avoid unstable contact with the frontal airbag? 
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ATD Position Impact Scenarios Load 
Limiter 
Rationale 
5th H3 Driver EuroNCAP, USNCAP 2kN, 3kN Does the high belt slack increases the injury risk due to high dummy 
excursion? Or does it have any injury benefits? How much belt is fed into the 
system? What is the functional capability of the modelled seat belt system? 
 
5th H3 Driver EuroNCAP, USNCAP 4kN Does the current standard European regulatory test with 50th male occupant 
cater for the need of smaller occupant sitting closer to the wheel?  Should 
EuroNCAP include the 5th dummy in the frontal crash test? 
 
5th H3 Driver EuroNCAP, USNCAP 6kN How different is the response from the baseline model? Can a high load 
limiter setting avoid unstable contact with the frontal airbag? Does it increase 
the chest injury risk? 
 
95th H3 Driver / FSP Low FRB, Low ODB 2kN, 3kN With the high ride down space, does the low load limiter setting produce 
greater chest injury compared to the baseline model? 
 
95th H3 Driver / FSP Low FRB, Low ODB 4kN To understand the baseline model injury outcomes in this impact scenario. 
95th H3 Driver / FSP Low FRB, Low ODB 6kN Is there any advantage in using high load limiter threshold?  
95th H3 Driver / FSP 56km/h @ 40% overlap 2kN, 3kN With the high ride down space, does the low load limiter have any injury 
advantage or it compromise the safety? 
 
95th H3 Driver / FSP 56km/h @ 40% overlap 4kN Does the standard European regulatory test with 50th male occupant cover the 
need for large occupants? 
 
95th H3 Driver / FSP 56km/h @ 40% overlap 6kN Is there any advantage in using high load limiter threshold in such impacts? 
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ATD Position  Impact Scenarios Load Limiter Rationale 
95th H3 Driver / FSP EuroNCAP, USNCAP 2kN, 3kN What is the injury and kinematics of occupants with such a low load limiting 
threshold? What are the advantages and disadvantages? 
 
95th H3 Driver / FSP EuroNCAP, USNCAP 4kN Does the current standard European regulatory test with 50th male occupant 
cater the need of large occupants?  Should EuroNCAP include the 95th 
dummy in the frontal crash test? 
 
95th H3 Driver / FSP EuroNCAP, USNCAP 6kN Does the high load limiting threshold have any injury benefit compared to the 
baseline model?  Does the reduced excursion improve safety? What are the 
disadvantages? 
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5.6 Driver Load Limiter Adaptation Results 
5.6.1 50th Percentile H3 Dummy  
     
     a)  EuroNCAP @ 120ms                   b) USNCAP @ 90ms 
Figure  5.17 Kinematics of 50th Percentile H3 dummy in NCAP scenario with the 2kN load 
limiter 
5.6.1.1 Predicted occupant kinematics 
• The acceleration and displacement of the dummy was influenced by the crash 
pulse and the behaviour of seat belt load limiter. 
• The extra seat belt slack with the SBL thresholds less than 4kN allowed the 
dummy to displace further towards the steering wheel than with the baseline 
model. 
• The head of the dummy struck the centre of the airbag in all simulations. 
• The dummy did not airbag ‘bottomed out’ in any of the simulated model runs.  
• With the 2kN SBL, the head of the dummy in all impacts tended to couple 
with the deployed airbag early in the simulation, enabling less aggressive 
airbag penetration. 
• However, in the Mid and NCAP impacts with a 2kN SBL, the greater forward 
displacement gave rise to unstable head contact on the airbag. This pushed 
the airbag forward and upward, reducing the amount of airbag between the 
thorax and steering wheel (Figure  5.17).  
• This unstable loading of the chest with the airbag and steering wheel had 
resulted in higher peak chest acceleration with the 2kN SBL compared to the 
baseline load limiter. However, this unfavourable chest loading was not as 
stiff as in an airbag ‘bottom out’ effect (Figure  5.18). 
• The peak head acceleration of the dummy head in the USNCAP impact 
scenario with all SBLs was greater than 80 g (Figure A- 1). 
 
 
171 
 
• In the Low FRB imapct, the head of the dummy moved closer to the steering 
wheel when an airbag was not deployed compared to the airbag deployed 
scenario. 
• The extra forward excursion with the low threshold SBLs resulted in harsher 
lower extremity contact with the front facia. 
 
a) Mid 
 
                    b) EuroNCAP                    c) USNCAP 
Figure  5.18 Chest acceleration of the 50th percentile driver  
5.6.1.2 Predicted belt response 
The retractor load time history curves are provided in Figure A- 3. It can be observed 
that for all load limiter values, the peak loads in all low crash pulses were less than 
4kN and the measured forces with the 4 and 6kN SBL were similar. The retractor 
load curves in both low FRB impacts (airbag and no airbag) were almost similar 
except the unloading phase of the non-airbag simulation started late compared to the 
airbag deployed model. The load limiting phase was reached earlier in the USNCAP 
pulse when compared to the other impact conditions. Only with the NCAP pulses, 
the peak load of 6kN occurred with the 6kN SBL. 
5.6.1.3 Predicted injury outcome 
The predicted injuries of the 50th percentile driver with single stage SBLs are 
provided in Table A- 4, the colour coding were based on the EuroNCAP safety rating. 
In all simulated impacts, the predicted injury values were below the EEVC 
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standard’s minimum requirements. However, under few impact scenarios, especially 
in the Mid and NCAP impacts, the injury risk to certain body regions was high. The 
simulations predicted ‘weak’ protection to the chest region in the Mid and 
EuroNCAP impact scenarios with the 6kN SBL. In USNCAP simulation with the 4 
and 6kN SBL, the protection to the chest and head regions was rated as ‘weak’. 
Figure  5.19 shows the change in the predicted injury scores from the baseline (4kN) 
SBL. 
• In all impacts, the HIC and chest compression (CC) outcome exhibited a 
positive correlation with the SBL threshold. 
• The highest HIC value (948) was predicted in the USNCAP impact with a 
6kN SBL. Though it did not exceeded the regulatory limit (1000) it was still 
very close to the limit. 
• Using a 2kN SBL in low severity impacts provided the best chest 
compression and CTI outcome compared to the 4kN model. 
• In the Mid impact condition, by changing the SBL value from 4kN to 2kN, 
the chest compression decreased from 34.2mm to 26.1mm (23.7% reduction). 
In the EuroNCAP and USNCAP impacts, the extra seat belt pay-out using a 
2kN SBL predicted reduction of chest compression by 21.4% and 20.5% 
respectively.  
• However, it has to be noted that, despite the chest compression being lower 
with the 2kN SBL in Mid and NCAP crash pulses, using the low SBL 
threshold resulted in slightly higher resultant chest peak acceleration due to 
the unstable airbag loading. Even a small extra forward displacement with 
such low threshold load limiters would have resulted in airbag bottom out.  
• In general, the femur axial force decreased with increase in the SBL setting. 
In all simulated low severity impacts, the femur compression using the 2kN 
SBL was higher by at least 130% than those predicted with the baseline 
model. 
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a) Low FRB                          b) Low FRB No Airbag 
 
c) Low ODB     d) Mid 
 
e) EuroNCAP     f) USNCAP 
Figure  5.19 Change in injury outcome for the 50th percentile driver 
5.6.2 50th Percentile H3 Dummy with Dual Stage Load Limiter 
5.6.2.1 Predicted belt response 
The retractor belt load curves for the 50th percentile driver when a dual stage SBL 
was employed are shown in Figure A- 4. The retractor load in both low severity 
airbag deployed simulations did not reach the second stage of the load limiting 
configuration. The reponse of the laod curve was similar to the load curve of the 
corresponding single stage load limiter. For example, the load curve with the 2-4kN 
model was similar to the 2kN SBL. Similarly, the load curve with the 4-2kN SBL 
was similar to the 4kN load curve. This also implies that the kinematics and injury 
outcome of the dual stage load limiters in these impacts will be similar to the 
corresponding single stage simulations. 
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In all impacts, the amount of belt introduced by the retractor with the 6-2kN and 6-
4kN load limiting options was less than 100mm to start the second stage of the load 
limiting. This can be extended to say that the protection offered by the 6-2kN and 6-
4kN SBL was almost similar to the 6kN SBL. Table  5.6 compares the amount of belt 
introduced by the retractor with the single and dual stage load limiters in the Mid and 
NCAP impacts.  
Table  5.6 Amount of belt introduced by the retractor under different load limiter settings 
for 50th H3 dummy model 
Load Limiter 
Option (kN) 
Amount of belt introduced (mm) 
Mid EuroNCAP USNCAP 
2 231.22 282.06 350.34 
2-4 155.62 182.24 254.26 
2-6 126.53 133.17 175.34 
3 142.30 178.78 263.20 
4 90.27 119.94 192.66 
4-2 90.27 154.17 251.61 
4-6 90.27 109.76 134.63 
6 28.27 34.43 93.38 
6-2 28.24 34.58 93.08 
6-4 28.24 34.58 93.08 
5.6.2.2 Predicted injury outcome 
Figure  5.20 compares the injury outcome of the two stage load limiters with the 
baseline SBL (4kN). The results of the low severity impacts were not discussed 
because the injury outcomes of the dual stage load limiters were similar to the 
corresponding single stage load limiter. The predictions of both 6-2kN and 6-4kN 
SBLs were similar, so only the injury outcomes of the 6-2kN are presented. The 
comparison of the predicted injury assessment values in the Mid and NCAP 
simulated scenarios when employed with a dual stage SBLS are given in Figure A- 5. 
The 2-4kN SBL model predicted less chest compression value than the baseline 
model. But, the acceleration of the dummy tended to increase during the transition of 
load limiting stage, resulting in higher peak head and chest acceleration compared to 
the baseline model. This can be observed with the increased CTI and HIC values 
(refer Figure  5.20). Similarly, with the 2-6kN progressive load limiter, the HIC and 
CTI values were higher than the baseline. The predicted HIC value in the USNCAP 
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impact with the 2-6kN and 4-6kN SBL configurations was greater than the EEVC 
minimum requirement of 1000. 
In both NCAP impacts, the head, chest and neck injury predictions with the 4-2kN 
degressive load limiter were below the baseline predictions. In the Mid crash pulse, 
the injury outcomes with 4-2kN and 4-6kN degressive load limiter were almost 
similar to the baseline SBL configuration. 
 
   a) Mid    b) EuroNCAP 
 
c) USNCAP 
Figure  5.20 Change in injury risk (50th percentile driver dual stage load limiter) 
5.6.3 5th Percentile H3 Dummy  
5.6.3.1 Predicted occupant kinematics 
• In all impacts, the head of the dummy struck the airbag during the 
deployment phase. 
• The kinematics of the dummy was similar in both airbag deployed low crash 
pulses (low FRB and low ODB). 
• The head and chest peak acceleration curves for the 5th percentile driver in all 
simulated impacts are provided in Figure A- 6 and Figure A- 7 respectively. 
• In the low FRB impact, the airbag was triggered late in the simulation (45ms) 
resulting in a ‘bag slap’ effect, a potential injury causing scenario. The 
dummy head excursion was interrupted by the deploying airbag, resulting 
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steep spikes in head resultant accelerations (Figure  5.21a). The peak head 
acceleration was greater than 100g in all load limiter settings (Figure 5.22 a). 
• This noted unstable airbag contact in the low FRB impacts rotated the neck 
towards the restrained side of the shoulder and caused the dummy to rebound 
from the airbag as shown in Figure  5.21b. 
• In low FRB impacts with no airbag deployment, the head struck the steering 
wheel hub as shown in Figure  5.21 c. This resulted in a sharp peak in the 
head resultant acceleration (Figure  5.22b). With the increase in the SBL 
threshold, the amount of forward excursion reduced. However, it did not 
prevent the dummy from contacting the steering wheel. The peak head 
acceleration with the 2kN SBL was greater than 250g and was least (170g) 
with the 6kN SBL. 
• With the 2kN SBL in the EuroNCAP impact, the head was observed to 
‘bottom out’. The head penetrated through the airbag and loaded the steering 
hub as shown in Figure  5.21d. The increase in the head acceleration during 
the period of head-hub loading can be noticed with the sharp increase in the 
head resultant acceleration value (Figure  5.22c). When the SBL threshold 
was increased (>2kN) the head did not strike the steering hub. 
• The extra forward displacement in the USNCAP impact with the 2kN SBL 
had resulted in airbag loading the dummy chin-jaw cavity. During this 
interaction, the airbag was pushed upwards and forward by the forward 
displacing dummy. This reduced the area of the airbag between the thorax 
and the steering wheel (Figure  5.21 e).  
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        a) LFRB-4kN 60ms          b) LFRB-4kN 105ms 
 
c) LFRB-4kN (No Airbag) 100ms           d) EuroNCAP-2kN 120ms 
 
 e) USNCAP-2kN 75ms                  f) USNCAP-2kN 120ms 
Figure  5.21 Images of kinematics of 5th percentile H3 dummy 
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                              a) Low FRB  b) Low FRB- No Airbag 
 
c) EuroNCAP 
Figure  5.22 Head acceleration time history curves of the 5th percentile dummy 
5.6.3.2 Predicted belt response 
As shown in Figure A- 8, the maximum retractor load in both low severity airbag 
deployed simulations was less than 2kN. In the Mid, EuroNCAP and USNCAP 
simulations, the maximum load with the baseline and 6kN models were below the 
allowable threshold to trigger the load limiting phase. Also, the observed retractor 
load curve with the 4 and 6kN SBLs were almost similar. This suggests that the role 
of load limiter with the 5th percentile female dummy is limited. 
5.6.3.3 Predicted injury outcome 
The predicted injury values for different body regions are shown in Figure A- 9. 
Figure  5.23 compares the percentage change in the injury outcome when different 
SBL threshold was employed with the 5th percentile dummy. 
• In the airbag deployed low severity impacts, the predicted HIC, chest 
compression and CTI values were almost similar in all four load limiting 
options. The difference with respect to the baseline (4kN) setting was less 
than 5%.  
• In the low FRB simulations with no airbag deployment scenario, the HIC 
outcome with the 2kN SBL (930) was 46% greater than the baseline 
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predictions and 382% greater compared to the low FRB airbag deployed 
simulation with the 2kN SBL.  
• The early interaction of the dummy chest with the airbag has some positive 
effects. The concentrated seatbelt loading on the chest was lesser compared to 
the standard 50th percentile dummy in all comparable impact scenarios. 
• In the Mid and NCAP impacts, the chest injury predictions (CTI and CC) 
with the 4 and 6kN SBLs were almost similar and their differences were less 
than 2.5%. 
• In the Mid, EuroNCAP and USNCAP impacts, when the SBL threshold was 
changed to 2kN, the chest compression reduced by 29%, 33% and 24% 
respectively. Similarly, the CTI outcome in those scenarios reduced by 18%, 
19% and 15% respectively. Likewise, the 3kN SBL predicted less severe 
chest injury outcome (CC, CTI) compared to the baseline model. 
• The dummy head in the EuroNCAP impact with the 2kN SBL struck the 
steering wheel through the airbag, resulting in sharp head acceleration spikes. 
However, this had not affected the predicted HIC outcome due to a shorter 
interaction period between the head and steering assembly. It has to be 
reminded that the HIC is a derivative of both acceleration and time duration.  
• In all crash conditions, femur injury risk was highest with the 2kN SBL and 
least with the 6kN SBL. 
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a) Low FRB                          b) Low FRB No Airbag 
 
c) Low ODB                                          d) Mid 
 
e) EuroNCAP                                        f) USNCAP 
Figure  5.23 Change in injury outcomes (5th Driver). 
5.6.4 95th Percentile H3 dummy  
 
                         a) 2kN @ 85ms          b) 4kN @ 85ms 
Figure  5.24 Kinematics of the 95th percentile dummy in the USNCAP impact 
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5.6.4.1 Predicted occupant kinematics 
• The dummy head in all impacts struck above the centre of the airbag. 
• The forward displacement of the dummy varied with the SBL behaviour and 
crash severity. The extra slack with 2 and 3kN SBL allowed the dummy to 
excurse more towards the steering wheel when compared to the 4kN model.  
• This extra forward excursion allowed in the Mid impact with a 2kN SBL and 
NCAP impacts with the 2 and 3kN SBL resulted in relatively stiff loading 
region between the occupant chest and the airbag & steering wheel. The peak 
chest acceleration (Figure  5.25) of the 2kN SBL, were noticeably greater than 
with the 4kN SBL. The chest acceleration in the USNCAP impact with the 
2kN SBL exceeded the US FMVSS 208 limit of 60g. This suggests that the 
chest acceleration is a useful predictor to identify such undesirable interaction 
of dummy with the airbag. 
• In the EuroNCAP impact with the 2kN SBL and in the USNCAP impact with 
the 2 and 3kN SBL, the head of the dummy bottomed out, striking the 
steering wheel through the airbag as shown in Figure  5.24a. When the load 
limiting level was increased to 4kN and 6kN, the dummy head did not strike 
the steering wheel (Figure  5.24b). The peak head acceleration was greater in 
scenarios where the dummy ‘bottomed out’ (Figure  5.26).  
• In all impact scenarios, the extra forward excursion with the SBL thresholds 
less than 4kN resulted in harder contact of lower extremities with the facia. 
 
a) Mid      b) EuroNCAP 
 
      c) USNCAP 
Figure  5.25  Chest acceleration time history curves of the 95th percentile dummy 
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a) Mid      b) EuroNCAP 
 
        c) USNCAP 
Figure  5.26 Head acceleration time history curves of the 95th percentile dummy 
5.6.4.2 Predicted belt response 
The retractor load curves are shown in Figure A- 12. The rate of belt force increased 
with the crash severity. In low severity impacts, the peak belt load with the 6kN 
option did not reach the maximum load level (6kN). In the USNCAP simulation with 
the 2kN SBL, the belt spool out has reached the maximum limit of 400mm at 77ms, 
increasing the belt load rapidly. 
5.6.4.3 Predicted injury outcome 
Figure  5.27 shows change in the injury outcome with the baseline setting. The 
comparisons of predicted injuries in simulated impacts are provided in Figure A- 13.  
• In low severity impacts, the predicted HIC was least with the 2kN SBL. 
• With the 2kN SBL in the Mid and 2 and 3kN SBL in NCAP impacts, the HIC 
score was higher than the baseline SBL. 
• The HIC outcome in the USNCAP impact with all load limiter types was high 
(>900), however it was below the 1000 limit.  
• In all impact conditions, the chest compression outcome was generally less 
when employing the low SBL thresholds (2 and 3kN).  
• The 2kN SBL produced the best CTI indices in all low severity impacts.  
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• The CC outcome in the USNCAP impact with the 2kN SBL was greater 
compared to the 3kN model. This was due to the noticed belt spool out effect 
which increased the seat belt forces acting on the chest. 
• Unlike CC, the CTI prediction was not always linear with the SBL threshold. 
The CTI outcome in the Mid and USNCAP impacts with the 2kN model was 
greater than the baseline model due to unstable airbag-chest loading. Similar 
results were seen with the 3kN SBL in NCAP impacts. 
• In the Mid impact, using 3kN SBL produced the best CTI value of 0.75. 
• Except low FRB impacts, the predicted neck injury (Nij) was highest with 
2kN SBL. 
 
    a) Low FRB                          b) Low FRB No Airbag 
 
c)  Low ODB      d) Mid 
 
e) EuroNCAP              f) USNCAP 
Figure  5.27 Change in injury outcomes (95th Driver). 
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5.7 Passenger Load Limiter Adaptation Results 
The following section presents the results obtained from the load limiter adaptation 
study performed with the crash dummies in front passenger seat. The kinematics of 
the dummy, restraint behaviour and injury outcome with varying load limiter 
thresholds are discussed. 
5.7.1 50th Percentile H3 Dummy  
5.7.1.1 Predicted occupant kinematics 
• The dummy did not strike the vehicle interior in any of the simulated impacts.  
• The 2 and 3kN SBLs displaced the dummy closer to the front facia when 
compared to the baseline model. 
• The duration of the contact between the dummy and airbag in the low FRB 
impact was less. In fact, the kinematics of the dummy in the airbag and non-
airbag deployed simulations were similar.  
• In low severity impacts, the peak head and chest accelerations with the 2kN 
SBL was less than the baseline model (Table  5.7). When a 2kN SBL was 
used in the Mid and NCAP impacts, the peak head and chest accelerations 
slightly increased above the corresponding baseline acceleration (Table  5.8). 
This is due to relatively harsher dummy head loading with the airbag. This 
suggests that employing a 2kN SBL in severe impacts may increases the 
likelihood of high dummy excursion and subsequent unstable contact with the 
airbag/front facia.  
• The peak head acceleration in the USNCAP impact with all SBLs was higher 
than the UNECE R94 allowable limit of 80g. 
• The peak chest acceleration in all simulated impact was below the US 
FMVSS frontal impact allowable limit of 60g. 
• The rotation of the thorax towards the restrained side of the shoulder was 
prominent in the Mid and NCAP crash scenarios with the 4 and 6kN SBLs. 
• In both low FRB simulations, the retractor force did not reach the baseline 
load limiting level of 4kN (Figure A- 14). 
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Table  5.7 Peak head and chest acceleration in low severity airbag deployed impacts 
Injury 
Predictions 
Low FRB Low ODB 
2kN 3kN 4kN 6kN 2kN 3kN 4kN 6kN 
Head peak Acc. 
(g) 
26.6 26.7 28.0 27.9 18.7 21.2 23.9 24.3 
Chest Peak Acc. 
(g) 
20.0 22.0 22.3 22.6 16.7 18.1 18.4 18.5 
Table  5.8 Peak head and chest acceleration in Mid and NCAP impacts. 
Injury 
Predictions 
Mid EuroNCAP USNCAP 
2kN 3kN 4kN 6kN 2kN 3kN 4kN 6kN 2kN 3kN 4kN 6kN 
Head peak 
Acc. (g) 46.8 44.0 44.4 55.7 55.9 52.9 53.0 61.0 9.0 95.8 91.3 91.7 
Chest Peak 
Acc. (g) 32.3 30.2 32.5 34.0 40.0 38.7 38.7 39.9 48.5 48.8 48.3 53.3 
 
a) Low FRB                                                b) Low FRB No Airbag 
 
c)  Low ODB     d) Mid 
 
 e) EuroNCAP             f) USNCAP 
Figure  5.28 Change in injury outcomes (50th FSP). 
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5.7.1.2 Predicted injury outcome 
The detailed injury assessment values with mid-sized passenger in all simulated 
scenarios are provided in Figure A- 15. The change in injury outcomes when the 
SBL threshold varied from the baseline model is given in Figure  5.28. 
• In the USNCAP impact with the 6kN SBL the HIC outcome exceeded the 
European regulatory limit of 1000 and with the 3 and 4kN SBL the HIC was 
less than the limit, however, it was still high (> 900). 
• In all impacts scenarios with the 2 and 3kN SBL, the chest compression and 
CTI was less than the baseline SBL. 
• The difference in the injury outcomes to all body regions between the 4 and 
6kN SBLs in low severity impacts were less than 5%. 
• In all impacts, the risk of femur fracture was highest with the 2kN SBL and 
least with the 6kN SBL.  
• In the USNCAP simulation with the 2kN SBL, the protection to the femur 
was rated as ‘weak’ according to the EuroNCAP rating classification.  
5.7.2 50th Percentile H3 Dummy with Dual Stage Load Limiters 
5.7.2.1 Predicted belt response 
As with the 50th percentile driver simulations, in low severity impacts, the retractor 
load curve of the 2-4kN and 2-6kN progressive SBLs were similar to the 2kN single 
stage SBL. Likewise, the retractor load curve of the 4-2kN and 4-6kN SBL was 
similar to the 4kN SBL. Also, with the 6-2kN and 6-4kN configurations, the retractor 
load has not reached the second stage. Figure  5.29 compares the amount of belt 
introduced when different load limiters where employed. In all crash scenarios, the 
2kN SBL induced maximum belt in the system, suggesting dummy forward 
excursion was certainly greater than any other load limiter types.  
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Figure  5.29 Comparison of belt introduced with respect to load limiter configuration 
5.7.2.2 Predicted injury outcome 
The comparison of injury assessment values in simulated impacts are provided in 
Figure A- 15. The difference in injury risks when the SBL threshold varied from the 
baseline model is shown in Figure  5.30. In all impacts, the head, chest and neck 
injury predictions with the 4-2kN was less than the predictions of the SBL. In the 
USNCAP impact, when the load limiter option was changed to 4-2kN model from 
the baseline setting (4kN), the HIC outcome was reduced to 699 from 960. The HIC 
and Nij outcomes in all impacts were highest with a 2-6kN SBL. The head, neck and 
chest injury prediction of 4-6kN and 6-2kN SBLs were higher than the baseline 
model. 
 
a)  Low ODB      b) Mid 
 
c) EuroNCAP                d) USNCAP 
Figure  5.30 Change in injury outcomes (50th FSP dual stage load limiter). 
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5.7.3 95th Percentile H3 Dummy  
5.7.3.1 Predicted occupant kinematics and belt response 
• The kinematics of the dummy in each simulated impacts varied with the 
behaviour of the load limiter. 
• In the Mid and NCAP impacts, using a 2kN SBL has resulted in ‘belt-spool 
out effect’. i.e. the amount of belt fed into the system has reached the 
maximum modelled amount of 400mmm, abruptly stopping the introduction 
of belt from the retractor. This can be observed with the increase in the belt 
load from the constant load level (Figure A- 16). 
• The dummy experienced greater acceleration forces due to belt spool out 
effect. Indeed the dummy head and chest acceleration were greater with the 
2kN SBL in a Mid and NCAP impacts (Figure  5.31 and Figure  5.32).  
• When the SBL threshold in these three impact scenarios (Mid, EuroNCAP 
and USNCAP) was increased above 2kN, the belt spool out effect was not 
noticed. 
• Like the 50th percentile passenger output, the peak head acceleration in the 
USNCAP impact was greater than the UNECE R94 allowable limit of 80g. 
• The chest acceleration in the NCAP impacts with the 2kN SBL was above 
50g however, it was less than the FMVSS 208 maximum allowable limit of 
60g. 
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    a)  Mid        b) EuroNCAP     c) USNCAP 
Figure  5.31 Head acceleration time history curves of the 95th percentile dummy 
 
 
 a)  Mid        b) EuroNCAP     c) USNCAP 
Figure  5.32 Chest acceleration time history curves of the 95th percentile dummy 
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5.7.3.2 Predicted injury outcome 
The comparison of injury responses of 95th percentile dummy with different SBL 
thresholds in simulated impacts are provided in Figure A- 17. The change in injury 
outcome when the SBL threshold was varied with respect to the baseline load limiter 
in all impact scenarios are shown in Figure  5.33.  
 
a) Low FRB                          b) Low FRB No Airbag 
 
c) Low ODB                           d) Mid 
 
e) EuroNCAP                                  f) USNCAP 
Figure  5.33 Change in injury outcomes with load limiter settings (95th FSP). 
• In all low severity scenarios (low FRB and low ODB), the HIC outcome was 
less than 100. When the SBL threshold was reduced from the baseline 4kN 
threshold, the HIC outcome reduced further.  
• The ‘belt spool out’ effect with the 2kN load limiter has increased the head, 
neck and chest injury predictions in the Mid and NCAP simulations. 
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• The HIC outcome in the EuroNCAP and USNCAP simulation with a 2kN 
load limiter was 925 and 1044 respectively. This suggests risk of severe head 
injury is greater.  
• The chest compression and CTI in the NCAP impacts with a 2kN SBL was 
higher than the baseline model. The CTI value exceeded the limit value of 1. 
• The femur injury risk was highest with the 2kN SBL and least with the 6kN 
SBL in all impacts. 
5.8 Summary 
A series of simulations were conducted with different load limiting level in two front 
seating positions in selected frontal crash scenarios. The summary of the findings is 
listed below.  
5.8.1 50th Percentile Driver  
5.8.1.1 Low severity impacts 
• The 2kN model predicted better safety to the head and the chest region.  
• The 2kN model had predicted highest femur injury risk compared to any 
other load limiter setting. 
• Except for the femur load, the predictions of 3kN load limiter were higher 
than the 2kN load limiter but their injury risk is less compared to the baseline 
setting.  
• The dual stage load limiting predictions were similar to the corresponding 
single stage load limiters.  
• The low FRB no airbag simulations has predicted less head and chest injury 
risk compared to the airbag deployed low FRB impact. 
5.8.1.2 Mid impacts 
• The 2kN load limiter produced lowest HIC (391), Nij (0.24), CTI (0.66) and 
chest compression (26.1) values.  
• The chest acceleration with the 2kN SBL was slightly greater than the 
baseline model due to high forward displacement and unstable contact with 
the airbag. 
• The neck extension and the femur injury risk were higher in 2kN load limiter 
when compared to any other settings. 
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• The head and the chest predictions of the 3kN load limiter are greater than the 
2kN load limiter and less than the baseline model.  
• The overall injury risk of 6kN load limiter was higher than the baseline model. 
• The 4-2kN load limiter predicted better HIC, CC and CTI compared to the 
baseline model. 
5.8.1.3 NCAP impacts 
• Compared to the baseline model, the 2kN load limiter predicted less injury 
risk to the head and the chest region. However, stiff loading of the chest with 
the unstable airbag and steering wheel was noticed.  
• In both the NCAP simulations, the degressive load limiting option of 4-2kN 
predicted less CC and HIC compared to the baseline model. Under 
EuroNCAP impact, the reduction of HIC and CC was 7% and 1% 
respectively. In the USNCAP impact with 4-2kN SBL, the HIC and CC 
reduced by12% and 7% respectively compared to the baseline injury 
predictions. 
5.8.2 5th Percentile Driver 
5.8.2.1 Low severity impacts 
• Unstable contact with the airbag was noticed in the 2 and 3kN load limiter 
models. 
• In the low FRB- no airbag simulation head struck the steering wheel. The 
predicted HIC value was high in 2kN load limiter (930). The HIC value 
reduced with an increase in the load limiter threshold.  
5.8.2.2 Mid impacts 
• The HIC, neck extension, chest compression and CTI increased with increase 
in the load limiting value. The dummy contacted the deploying airbag in all 
scenarios. 
5.8.2.3 NCAP impacts 
• With 2kN SBL in EuroNCAP impact, airbag bottom out effect was noticed in 
the EuroNCAP simulation. 
• The 2kN load limiter predicted greater neck injury (Nij) compared to the 
baseline model. 
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• The head and chest injury outcome with the 3kN model was less than the 
baseline. 
• The chest injury outcome between 4 and 6kN load limiter was similar. 
5.8.3 95th Percentile Driver 
5.8.3.1 Low severity impacts 
• The 2kN load limiter produced the least HIC, CC and CTI outcome. 
• The Nij outcome was highest in the 2kN load limiter in the both airbag 
deployed scenarios. Contrarily, the 2kN produced the best Nij outcome in no 
airbag scenarios. 
• The femur injury risk decreased with increase in the SBL threshold. 
5.8.3.2 Mid impacts 
• With the 2kN model, the dummy had an unstable airbag contact, resulting in 
increased HIC (7%) and CTI (8%) compared to the baseline simulation. 
• The 3kN load limiter predicted the lowest HIC and CTI value of 498 and 0.75 
respectively. The highest was 646 and 0.91 under 6kN setting. 
• The femur load was highest in the 3kN load limiter compared to any other 
configuration and it was 25% greater than the 4kN prediction. 
5.8.3.3 NCAP impacts 
• Airbag bottoming out effect was noticed with the 2 and 3kN SBL.  
• The 4kN SBL produced the least HIC and CTI outcomes in both NCAP 
impacts. 
• The USNCAP simulation predicted the highest injury risk to the head region. 
The HIC with the 6kN SBL was greater than the allowed limit of 1000. 
5.8.4 50th Percentile Front Seat Passenger 
5.8.4.1 Low severity impacts 
• In all low severe impacts, the 2kN load limiter predicted best head and chest 
injury values.  
• The head and chest injury predictions with the 3kN load limiter were greater 
than the 2kN load limiter and were less compared to the baseline model 
predictions.  
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• The predicted FFC was highest in the 2kN load limiter and the FFC outcome 
reduced with the increase in SBL threshold. 
5.8.4.2 Mid impacts 
• The predicted HIC (283), Nij (0.24), CC (23.8mm) and CTI (0.60) were least 
with the 2kN load limiter and it increased with the load limiter threshold. 
• The head and chest acceleration with the 2kN model was greater than the 
baseline SBL. 
• Except FFC, the predicted injury risk was greater with the 6kN model 
compared to the baseline. 
• The HIC prediction of 4-2kN load limiter was 27% less than the baseline 
model. The CC outcome was slightly less (30.6mm) than the baseline 
outcome of 30.9mm. 
5.8.4.3 NCAP impacts 
• As in the Mid impacts, the predicted head, neck and chest injury was least in 
the 2kN load limiter and highest in the 6kN model. 
• However, the chest acceleration of the 2kN and 3kN SBL was greater than 
the baseline due to unstable contact with the airbag and steering wheel. 
• Except FFC, the 6kN load limiter has not predicted any injury benefit. 
• In both impacts, the 4-2kN load limiter predicts less head and chest injury 
outcome compared to the baseline.  
5.8.5 95th Percentile Front Seat Passenger 
5.8.5.1 Low severity impacts 
• The predicted HIC scores in these impact scenarios were less than 100 in all 
load limiter thresholds.  
• In the low FRB airbag deployed impact, the HIC outcome with the 2kN 
model (65) was slightly greater than the 3kN model (57).  
• The 2kN SBL generally produced better chest and head injury outcome. 
5.8.5.2 Mid severe impacts 
• Belt spool out effect was noticed with the 2kN model. 
• The 3kN load limiter predicted least severe head and chest injury outcome. 
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• The HIC, CTI and CC outcome with the 2kN (466, 0.72, 30.8mm) model 
were greater than the 3kN SBL (369, 0.70, 30.2mm). 
• The 6kN model predicted the highest HIC (462), CTI (0.82) and CC (32.4mm) 
scores. 
5.8.5.3 NCAP impacts 
• The baseline model produced the best head injury outcomes in both severe 
impacts. 
• Due to belt spool out effect, injury risk to all body regions with the 2kN SBL 
was greater than the baseline model. 
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Chapter 6 Quantifying Real-World Injury 
Reduction Benefits of SMART Load Limiters 
6.1 Introduction 
The load limiter adaptation study showed that by varying the load limiting thresholds 
in certain crash scenarios, the chest injury risk can be reduced without increasing the 
injury risk to other body regions. The results produced from numerical simulations in 
previous chapter are based on forces and loads measured from the instrumented crash 
dummies. Since the benefit of smart load limiters was to be estimated in terms of real 
world injury reduction, it was necessary to transfer the simulation results to the likely 
injury severity in terms of AIS, which is the measure of injury severity recorded in 
the CCIS database. 
The objective of this chapter is to a) explore methods to convert the injury responses 
(e.g. HIC, CC, Nij, and FFC) from the crash dummy to the likely injury risk severity 
in terms of AIS b) select a best load limiter model for each simulated impact scenario 
and c) quantify the potential real world injury reduction of smart load limiters. 
6.2 Linking the Dummy Responses with Real World Measure 
The injury risk as a function of instrumented test dummy response is already in use 
to theoretically assess occupant protection in regulatory and consumer crash test 
programmes. This section review literatures to identify appropriate methods to 
convert injury responses from the dummy to the likely injury severity risk in terms of 
AIS. 
6.2.1 Normalising the Dummy Injury  
In general, the injury risk functions are based on the midsize adult population. 
Therefore, it is necessary to scale (normalise) the injury responses of 5th and 95th 
percentile dummies to account for the difference in the biomechanical characteristics 
with the 50th percentile dummy. Injury Assessment Reference Values (IARVs) 
(Mertz et al. 2003; NHTSA 2002) were used in this study to normalise the 5th and 
95th percentile dummy are listed in Table  6.1. To normalise the injury risk of the 5th 
and 95th percentile dummy to that of the 50th percentile dummy, the HIC15 was scaled 
by 0.9 and 1.04 respectively (Mertz et al. 2003). The chest deflection was scaled by 
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1.22 and 0.90 for the small and large sized dummy respectively. The FFC of the 5th 
and 95th percentile dummies were scaled by 1.47 and 0.79 respectively. The Nij is a 
normalised number by itself, which is calculated based on the dummy specifications 
(refer Section 2.3.2). Although HIC36 was used in this study until now, it was 
considered more representative to use the proposed IARVs for HIC15 to compare 
head injury risk predictions for different sized occupants. Therefore, HIC15 was used 
further in this study. 
Table  6.1 IARV and scaling factors for body regions (Mertz et al. 2003; NHTSA 2002) 
Body Region 
Injury 
Assessment 
Criteria 
IARV Scaling factor 
Small 
Female 
(A1) 
Mid 
Male 
(A2) 
Large 
Male 
(A3) 
Small 
Female 
(A2/A1) 
Mid 
Male 
(A2/A2) 
Large 
Male 
(A2/A3) 
Head HIC15 779 700 670 0.90 1.00 1.04 
Neck Nij 1 1 1 1.00 1.00 1.00 
Thorax CC (mm) 41 50 55 1.22 1.00 0.90 
Lower Ex. FFC (N) 6160 9070 11500 1.47 1.00 0.79 
6.2.2 Methods to Estimate the Probability of AIS Injury Risk 
This section reviews existing methods to estimate the likely AIS injury risk for the 
head, chest, neck and femur body regions from the simulation outputs.  
6.2.2.1 Head injury risk curves 
The head injury risk curves used in this study are based on the Prasad and Mertz 
research (Prasad & Mertz 1985). The authors reviewed existing cadaver test data on 
head impacts. They associated HIC with the risk of sustaining skull fracture and 
brain damage. However, the methods in this study were questioned on several 
aspects. Hertz (1993) later analysed the data statistically by fitting normal, log-
normal and two parameter Weibull cumulative distributions. The lognormal curve 
was found to be the best fit associating the HIC and head injury risk. The developed 
head injury values are based on a HIC integration time of ≤ 15ms. The AIS injury 
risk (AIS 1 through 5) for specific HIC15 can be found in the NHTSA’s webpage10. 
Figure  6.1 shows the head injury risk curves at all injury severity levels. 
                                                 
10 http://www.nhtsa.gov/cars/rules/rulings/AAirBagSNPRM/PEA/pea-III.n.html 
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Figure  6.1 HIC injury risk function. 
6.2.2.2 Neck injury risk curves 
The risk to injure the neck is generally assessed by tolerance limits of the 
independent neck measures such as extension, tension, shear, flexion or compression. 
One of the main drawbacks of this method is that the complex combined loading of 
the neck are not accounted. The Nij criterion eliminates this disadvantage of 
assuming the resulting neck injury as independent factors (Eppinger et al. 1999). 
Below are the functions (Eq. (6.1)) proposed by Eppinger et al. to estimate the injury 
risk in terms of Nij. The resulting neck injury risk curves are shown in Figure  6.2. 
𝑃𝑃(𝐴𝐴𝐺𝐺𝐺𝐺 2 +) = 11 + EXP(2.054 − 1.195 ∗ 𝑁𝑁𝑙𝑙𝑁𝑁) 
𝑃𝑃(𝐴𝐴𝐺𝐺𝐺𝐺 3 +) = 11 + EXP(3.227 − 1.969 ∗ 𝑁𝑁𝑙𝑙𝑁𝑁) 
𝑃𝑃(𝐴𝐴𝐺𝐺𝐺𝐺 4 +) = 11 + 𝐸𝐸𝑋𝑋𝑃𝑃(2.693 − 1.195 ∗ 𝑁𝑁𝑙𝑙𝑁𝑁) 
𝑃𝑃(𝐴𝐴𝐺𝐺𝐺𝐺 5 +) = 11 + EXP(3.817 − 1.195 ∗ 𝑁𝑁𝑙𝑙𝑁𝑁) (6.1) 
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Figure  6.2 Nij injury risk function (Eppinger et al. 1999) 
6.2.2.3 Chest injury risk curves 
Several research including physical tests, field studies, theoretical modelling and 
numerical simulations aiming to evaluate chest injury risk functions are reported in 
literature. The chest deflection, chest acceleration, viscous criterion, shoulder belt 
load or CTI was mostly used as an injury criterion. Almost all of those studies 
recognised chest injury risk as an age-dependent. An appropriate chest injury risk 
function that to be applied in this study is selected only if: a) the method is reliable, b) 
an AIS 2+ chest injury risk curve is available in the public domain and c) the chest 
injury function is age dependent. 
Mertz et al. (1991) used real world data collected by the Association Peugeot- 
Renault (APR) (Foret-Bruno et al. 1978; Foret-Bruno et al. 1989), which recorded 
detailed injury data of occupants restrained with a 3- point belt equipped with a tear 
strap shoulder belt load limiter. By measuring the degree of belt webbing, peak belt 
load experienced by occupant in a crash was estimated. Using laboratory sled tests 
with the Hybrid III dummy, a linear relationship between the seatbelt load and the 
sternal deflection was established. In conjunction with the laboratory sled tests and 
field data, an AIS 3+ thoracic risk curve in terms of sternal deflection was derived 
for belted occupants. But an AIS 2+ chest injury risk function was not available. 
A more recent study by Foret- Bruno et al. (2001) using APR data provided an AIS 
2+ thoracic injury risk curve as a function of linear combination of age and peak 
shoulder belt load. Foret- Bruno et al. (2001) determined the chest injury risk from 
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the concentrated seat belt load without considering interaction of the chest with the 
frontal airbags. This is one of the main limitations of this study because, in general, 
the chest injury severity in modern cars depends on combined loading on the chest 
by both seat belt and airbag. Moreover, the risk of chest injury for various peak 
shoulder belt loads was developed from only two load limiter settings (4 and 6kN). 
For this reason, this method was not considered for this study. 
Chest injury risk functions developed by Eppinger et al. (1999) were also examined. 
The study used human surrogates in 71 sled tests. After correcting for data accuracy, 
Eppinger et al. used 63 test data to develop injury risk functions. Logistic regression 
analysis was used to develop chest injury risk curves (AIS 2+ through AIS 5+) based 
on chest deflection, chest acceleration and CTI measurements. However, age was not 
considered as a predictor of chest injury risk. The average age of cadavers used in 
this study was 58 years which was less than the average age of the US driving 
population. To overcome this discrepancy, while developing the CTI injury risk 
function, the 50% probability of AIS 3+ injury for the cadavers (elderly) was 
adjusted by the authors to represent a 25% probability of injury level for the normal 
driving population (younger). By using the same transfer method, the AIS 
probabilities for other injury severity levels was adjusted by same amount to 
represent the elderly population (Table 6.2). 
Table  6.2 CTI injury risk functions 
Injury risk Younger occupants Elderly occupants 
P (AIS 2+) 1/ (1+EXP(4.847-6.036*CTI)) 1/ (1+EXP(4.847-6.036*(0.1542+CTI)) 
P (AIS 3+) 1/ (1+EXP(8.224-7.125*CTI)) 1/ (1+EXP(8.224-7.125*(0.1542+CTI)) 
P (AIS 4+) 1/ (1+EXP(9.872-67.125*CTI)) 1/ (1+EXP(9.872-67.125*(0.1542+CTI)) 
P (AIS 5+) 1/ (1+EXP(14.242-6.589*CTI)) 1/ (1+EXP(14.242-6.589*(0.1542+CTI)) 
This set of two risk functions (Table 6.2) can be used as an approximation to 
estimate the injury risk for two broad age groups - younger and older occupants. 
However, by using this method injury risk value for a particular age cannot be 
determined, which is a major drawback. 
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Hassan and Nusholtz (2000) later re-examined the Eppinger et al. (1999) study and 
reported several inconsistencies in the data and methods used in the original 
experiments. One of their main concerns was regarding the location of the chest 
acceleration measurements. In a frontal crash test, the dummy acceleration is 
measured at the chest centre of gravity, whereas in the cadaver experiments the chest 
acceleration was measured on the first thoracic spine. The authors found no 
consistent relationship between the measurements taken at these two locations in 
frontal impacts. The authors have also noted high accelerations and excessive chest 
deflection in tests with low AIS outcome. In some instances, the chest deflection 
outcome differed largely in similar tests done in different labs. Another possible error 
from the chest deflection measurements due to application of low resolution chest 
bands was reported by Kent and Patrie (2003). The accuracy of a statistical model 
depends on the data quality; inconsistencies in those can lead to erroneous results. 
Using existing Post Mortem Human Surrogate (PMHS) data, Kent and his colleagues 
(2003) tested the validity of the chest acceleration, chest deflection and CTI as a 
chest injury predictors. They found that the chest acceleration response may not 
reliably predict the risk of rib fracture in diverse restraint conditions. In fact, the 
univariate regression analysis suggested a decrease in the chest injury risk with an 
increase in the peak chest acceleration. The authors suggested that the combined 
restraint loading (airbag + seat belt) offered by the modern restraints may produce a 
higher level of chest acceleration, but the well-distributed forces produced by these 
systems can be better tolerated by the occupants than the concentrated load generated 
by a seat belt only restraint system. The authors also reported that the predictive 
performance of the CTI was degraded due to the presence of peak chest acceleration 
as an evaluation component. Considering these facts, it was decided not to use the 
CTI as a chest injury risk predictor. 
An age dependent AIS 3+ chest injury risk curve developed by Laturi et al. (2005) 
based on chest compressions from PMHS was considered. NHTSA use this injury 
risk function to determine the vehicle frontal rating scores (NHTSA 2008). However, 
a corresponding AIS 2+ injury risk function was not available. It was therefore 
decided to develop an AIS 2+ risk function using the methods and data applied by 
Laituri et al. The development procedures are detailed in Section 6.3. 
 
 
202 
 
6.2.2.4 Femur injury risk curves 
The probability of knee-thigh-hip injury risk (AIS 2+ and AIS 3+) as a function of 
femur axial force (FFC in kN) was developed by Kuppa et al. (2001).The equations 
(Eq. (6.2) and Eq. (6.3)) and the corresponding injury risk curves (Figure  6.3) are 
provided below: 
𝑃𝑃(𝐴𝐴𝐺𝐺𝐺𝐺 2 +) = 11 + EXP(5.7949 − 0.5196 ∗ 𝐹𝐹𝐹𝐹𝐻𝐻)                                   (6.2) 
𝑃𝑃(𝐴𝐴𝐺𝐺𝐺𝐺 3 +) = 11 + EXP(4.9795 − 0.326 ∗ 𝐹𝐹𝐹𝐹𝐻𝐻)                                   (6.3) 
 
Figure  6.3 Femur injury risk function (Kuppa & Wang 2001) 
6.3 Development of the Age -Dependent AIS 2+ Chest Injury 
Risk Curve 
This section first describes the methods and the dataset used by the authors (Laituri 
et al. 2005) to develop an age-dependent AIS 3+ chest injury risk function. The same 
approach was then followed in this study to develop an AIS 2+ chest injury risk 
curve. 
6.3.1. AIS 3+ Chest Injury Risk 
The authors reviewed the existing PMHS data and was included for the study only if 
a) the anterior loading of the chest was through the sternum, b) the age of the PMHS 
at the time of death was known c) there was a known thoracic response measurement 
(normalised chest compression) and d) there was a known number of rib fracture 
(NRF). The data with concerns about potential measurement errors due to the 
application of low-resolution chest bands were not considered by the authors. In total, 
 
 
203 
 
186 PMHS data was collated and used. The database was divided into two datasets 
(refer Appendix 10) with dataset 1 (n=153) containing no low-resolution chest band 
measurements and dataset 2 comprising all data (n=186). The minimum and 
maximum age of the cadavers was 17 and 86 years respectively. 
AAAM (1990) defines four or more rib fractures as an AIS 3+ level injury for live 
occupants. Viano et al. (1977) and Foret Bruno et al. (1978) observed cadaver 
specimens sustaining two or three more rib fractures than live humans. Accordingly, 
if the PMHS in the database had sustained 7 or more rib fractures, then the injury 
level was considered as AIS 3+ by Laituri et al. (2005). 
Logistic regression analyses were performed using two different sets of predictors, 
subjected to the conventional maximum likelihood method (CML). The first set of 
predictors included age, normalised chest compression (𝑈𝑈𝐻𝐻����), type of restraint 
loading and gender. Interaction terms between age & normalised chest compression 
and gender & age were also included. The second set is the reduced version, with 
only age and normalised chest compressions as the predictor variables. The analysis 
was performed separately using dataset 1 and dataset 2. 
In addition to the CML method, the authors also used the modified maximum 
likelihood (MML) method developed by Nakahira et al. (2000). The main aim of the 
MML method was to refine the estimation of the lower probability portion of the risk 
curve. The MML method follows two constraints: a) for zero stimuli; the injury 
probability should approach zero and b) the goodness-of-fit is maximised. It has to 
be noted that, the first constraint is not enforced in the CML method, suggesting the 
risk curve developed by CML may predict injury for an injury criterion with value as 
zero. The MML method was applied with the reduced set of predictors on both 
datasets. 
The first constraint was enforced in the MML analysis using Eq. (6.4). 1−∝ ≤ (1 − 𝑃𝑃𝑙𝑙)𝐴𝐴                                                             (6.4) 
Where α is the chosen level of significance (0.05), P0 is the estimated probability for 
zero stimuli and n is the sample size. 
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By substituting α and n values in the dataset 1 (n=153) and dataset 2 (n=186), P0 is 
calculated as 0.00034 and 0.00027 respectively. 
The coefficients of the dataset1 are selected such that 
𝑃𝑃0 = 11 + EXP−(𝑎𝑎0 + 𝑎𝑎1𝐴𝐴𝑙𝑙𝑙𝑙 + 𝑎𝑎2𝑈𝑈𝐻𝐻����) = 0.00034                         (6.5) 
In Eq. 6.5, the age was set at maximum for the reason that the greatest injury risk 
probability generally yields at greatest age. The age in Eq. (6.5) was set as 75 years 
by the authors. 
The second constraint was enforced by maximising the log likelihood function as 
shown in Eq. (6.6). 
∑ {𝑋𝑋 ln(𝑃𝑃𝑙𝑙)𝐴𝐴𝑖𝑖=1 + (1 − 𝑋𝑋) ln(1 − 𝑃𝑃𝑙𝑙)}                       (6.6) 
Where X is the coded injury outcome (AIS ≤ 2 =0 and AIS ≥3 = 1) and Pi is the logit 
of the probability calculated for each observation, i. 
In total, 6 statistical models were developed, and the statistical significance of each 
model was determined using the Goodman-Kruskal Gamma, Pearson goodness-of-fit 
and the p-values for the logit coefficients estimated. The evaluated risk functions 
corresponded to the chest deflection of the surrogates. Matched tests analysis was 
performed by Laituri et al. (2005) to derive a function to transform the PMHS injury 
risk (𝑈𝑈𝐻𝐻����) to represent the 50th percentile Hybrid III dummy (ChestDefl). This was to 
nullify the potential chest stiffness difference between the dummy and PMHS. The 
transformation equation developed is given in Eq. (6.7). 
𝑈𝑈𝐻𝐻���� ≈ 0.0583 (𝐻𝐻ℎ𝑙𝑙𝑃𝑃𝑡𝑡𝑒𝑒𝑙𝑙𝑒𝑒𝑙𝑙0.4612)                        (6.7) 
The validation assessment included a comparison of the actual accident injury rate 
and the theoretical real world injury rate developed using the derived thoracic risk 
function. The NASS field data collected between 1998 and 2001 was used. The 
selection criteria used by the authors is given below: 
• Belted drivers. 
• Towed, 1995-1997 model year passenger cars without airbags. 
• 11-1 o’clock full engagement, frontal crashes without rollover and 
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• Crashes with longitudinal delta-v below 58km/h. 
More information about the theoretical injury risk assessment procedure can be 
found in Laituri et al. (2003). The sample size was small when stratified by age and 
gender groups, therefore statistical models with a full set of predictors were not 
further considered. Subsequently, 4 statistical models (as a function of age and 
sternum deflection) derived from the two PMHS datasets via two statistical methods 
were assessed. Among those, the risk curves based on the MML method performed 
better than the CML method. Of those two MML models, the one derived from the 
dataset 2 had the best fit. The derived thoracic injury risk function for the dummy is 
given in Eq. (6.8). 
𝑃𝑃(𝐴𝐴𝐺𝐺𝐺𝐺 3 +) = 1
1+𝐸𝐸𝐸𝐸𝐸𝐸(12.597−0058615𝐴𝐴𝑔𝑔𝑑𝑑−1.568(𝐶𝐶ℎ𝑑𝑑𝑐𝑐𝑡𝑡𝐷𝐷𝑑𝑑𝑓𝑓𝑒𝑒)0.4612)           (6.8) 
6.3.2 Evaluation of the Method and Platform Dependency 
Prior developing the AIS 2+ thoracic risk curve, it was decided to evaluate the 
overall method and the dependency of the software platform intended to be used in 
this study. In the current study, the MATLAB programming tool was used to 
calculate the coefficients for both CML and MML methods. In the original work, the 
SAS software and MS Excel was preferred to conduct the CML and MML statistical 
modelling respectively. The MATLAB program is provided in Appendix 11. The 
published and estimated results from the dataset 2 are compared in Table  6.3. The 
results are very much similar, providing confidence to proceed further. 
Table  6.3 Comparison of estimated AIS 3+ coefficients with published values. 
 
CML MML 
Published Estimated Published Estimated 
Intercept -9.808 -9.8062 -12.5972 -12.6202 
Age 0.05320 0.05320 0.058614 0.05870 
UC 19.560 19.5555 26.90118 26.9532 
6.3.3 Development of the AIS 2+ Risk Curve 
As in the reference work (Laituri et al. 2005), the number of rib fractures (NRF) 
sustained by the PMHS was used to assess the injury severity outcome. The AAAM 
(AAAM 1990) defines 2 or more rib fractures as AIS 2+ skeletal thoracic injury for 
live people. Considering, Viano et al. (1977) and Foret Bruno et al. (1978) findings 
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of cadaver specimens sustaining two or three more rib fractures than live humans, the 
injury severity of the PMHS in the data sample with 4 or more rib fractures was 
coded as AIS 2+ level. The outcome variable is defined below: 
If NRF=0-3 then AIS 2+=0, NRF=4+ then AIS 2+=1. 
Out of 186 PMHS in the sample, 89 had sustained an AIS 2+ chest injury. The 
dataset 2 was used to develop the AIS 2+ chest risk curve. Logistic regression 
method was applied with age and 𝑈𝑈𝐻𝐻���� as predictors. Coefficients for both CML and 
MML methods (Table  6.4) were determined using MATLAB software. 
 Table  6.4 CML and MML statistical models for Datasets1 and 2. 
 
Dataset2 
CML MML 
Intercept -7.9936 -12.432 
Age 0.0422 0.0562 
𝐔𝐔𝐔𝐔���� 19.0012 30.7984 
 
The two AIS 2+ candidate risk curves were derived using the calculated coefficients 
(Table  6.4). It was then transferred to normalise for the dummy using the 
transformation function as in Eq. (6.7). The estimated injury risk curves are provided 
in Eq. (6.9). 
𝐻𝐻𝐶𝐶𝐶𝐶:   𝑃𝑃(𝐴𝐴𝐺𝐺𝐺𝐺 2 +) = 11 + 𝐸𝐸𝑋𝑋𝑃𝑃(7.994 − 0.0422𝐴𝐴𝑙𝑙𝑙𝑙 − 1.1078(𝐻𝐻ℎ𝑙𝑙𝑃𝑃𝑡𝑡𝑒𝑒𝑙𝑙𝑒𝑒𝑙𝑙)0.4612) 
𝐶𝐶𝐶𝐶𝐶𝐶:  𝑃𝑃(𝐴𝐴𝐺𝐺𝐺𝐺 2 +) = 11 + EXP(12.432 − 0.0562𝐴𝐴𝑙𝑙𝑙𝑙 − 1.79468(𝐻𝐻ℎ𝑙𝑙𝑃𝑃𝑡𝑡𝑒𝑒𝑙𝑙𝑒𝑒𝑙𝑙)0.4612) 
(6.9) 
The theoretical assessment procedure developed by Laituri et al. (2003) for in-
position drivers was followed in order to estimate the field injury rates subject to the 
developed injury risk functions. It was then compared with the corresponding actual 
field injury rates (AccIR) of drivers. NASS data collected between 1988 and 2001 
was used for this purpose. The details of the selection criteria and the estimation 
procedure can be found in Laituri et al. (2005). 
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Figure  6.4 shows a comparison of actual field results and the calculated model-
predicted field results based on the developed injury risk functions (Ekambaram et al. 
2015). It can be observed that the model prediction from the MML method is 
reasonably comparable with the field data, but a slight difference can be observed. 
The AIS 2+ chest injury risk curve developed by the MML method (Eq. 6.9) was 
used further. 
 
Figure  6.4 Comparison of predicted accident injury rate from estimated injury risk 
function and field data (based on Ekambaram et al. 2015). 
6.4 Predictability of the Numerical Model 
In order to assess the relevance of the numerical model’s chest injury predictability 
for real crashes, predicted chest injury risks were compared to those in equivalent 
real world impacts which were deliberately narrowed to closely resemble the 
simulations, both in terms of front end overlap and impact speed. Real world crashes 
from the target sample with overlap between 60 and 70%, front facia and/or steering 
wheel intrusion above 80mm and impact to narrow objects with diameter <41cm 
were excluded to improve the match.  
1. Low severity crash pulse 
• Low FRB: ETS 20 – 30 km/h, overlap >70%  
• Low ODB: ETS 35 – 45 km/h, overlap <60% 
2. Mid severity crash pulse  
• Mid: ETS 51 – 60 km/h, overlap <60% 
3. High severity crash pulse 
• EuroNCAP: ETS 59 – 70 km/h, overlap <60%  
• USNCAP: ETS 51 – 61 km/h, overlap >70%  
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The AIS 2+ chest injury risk for the baseline numerical model (4kN SBL) with 
average sized dummy (50th percentile dummy) in each impact type was estimated by 
applying the chest deflection outcome from the simulation in the chest injury risk 
function. In the risk function, the age was set as mean age of the impact type 
categories from the sample. It was then compared to the real world AIS 2+ chest 
injury risk. The results comparing simulated and real risks are shown in Table  6.5. 
There was not a direct match between the simulated and real chest injury risks, 
although the order in which the predicted risk increased by simulated impact 
configuration was generally mirrored in the real crashes. The real world risk for the 
64 km/h, 40% offset impact was 0% but this may have been the result of only a 
handful of real cases (3) matching that crash configuration. 
Table  6.5 Predicted AIS 2+ chest injury risk versus AIS 2+ belt related chest injury risk for 
belted drivers in real frontal crashes 
Simulated 
impact types  
AIS 2+ risk - 
numerical 
model 
AIS 2+ risk - 
accident 
data 
Real crash impact type 
(speed range and 
overlap) (N)* 
26 km/h 100% 11% 6% 20 - 30 km/h >70%              
(1156) 
40 km/h 40% 13% 8% 35 - 45 km/h <60%              
(380) 
56 km/h 40% 21% 12% 51 - 61 km/h <60%                
(20) 
64 km/h 40% 26% 0% 59 - 70 km/h <60%              
(3) 
56 km/h 100% 24% 20% 51 - 61 km/h >70%             
(46) 
N* indicates the total number of cases in each real crash configuration. 
6.5 Methods to Select the ‘Best’ Load Limiter  
The best SBL was selected for each simulated crash scenario by analysing the 
following: 
• Chest injury risk of an occupant estimated using the developed AIS 2+ chest 
injury risk curve’ (Section 6.3.3).  
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• Overall injury risk of an occupant estimated using ‘joint injury probability 
measure’ (Section 6.5.1) and 
• Forward displacement of the dummy measured using ‘dummy excursion 
measure’ (only for drivers) (Section 6.5.2). 
The methodology applied for estimating the joint injury probability measure and 
dummy excursion measure are discussed below.  
6.5.1 Joint Injury Probability Measure (Pjoint) 
Tuning the restraints to benefit one body region may have a negative effect on other 
body regions. To gauge the performance of the restraint system in a simulated crash 
scenario, a method used by the NHTSA to determine the joint injury probability 
(Pjoint) was used. This method combines the injury risk to each selected body region 
assuming that injury to different body regions are independent events (NHTSA  
2008). This measure includes injury risks to the head, neck, chest and femur regions 
as shown in Eq. (6.10) 
𝑃𝑃𝑖𝑖𝑡𝑡𝑖𝑖𝐴𝐴𝑡𝑡 = 1 − �(1 − 𝑃𝑃ℎ𝑑𝑑𝐴𝐴𝑑𝑑) ∗ (1 − 𝑃𝑃𝐴𝐴𝑑𝑑𝑐𝑐𝑘𝑘) ∗ (1 − 𝑃𝑃𝑐𝑐ℎ𝑑𝑑𝑐𝑐𝑡𝑡) ∗ �1 − 𝑃𝑃𝑓𝑓𝑑𝑑𝐴𝐴𝑓𝑓𝑓𝑓��    (6.10) 
The Phead, Pneck, Pchest and Pfemur are the injury probabilities for the head, neck 
and chest sustaining AIS 3+ injury and the femur sustaining AIS 2+ injury (NHTSA 
2008). Therefore Eq. (6.10) can be expressed as: 
𝑃𝑃𝑖𝑖𝑡𝑡𝑖𝑖𝐴𝐴𝑡𝑡 = 1 − ��1 − 𝑃𝑃 𝐻𝐻𝐼𝐼𝐶𝐶15� ∗ �1 − 𝑃𝑃𝑁𝑁𝑖𝑖𝑖𝑖� ∗ (1 − 𝑃𝑃𝐶𝐶𝐶𝐶) ∗ (1 − 𝑃𝑃𝐹𝐹𝐹𝐹𝐶𝐶)�             (6.11) 
6.5.2 Dummy Excursion Measure 
The presence of the steering wheel reduces the ride-down space on the driver side. In 
a frontal crash, greater forward excursion may increase the chance of dummy to 
contact the vehicle interior and to interact with the deploying frontal airbag. Since 
the steering wheel intrusion is not considered in this study, to choose a best restraint 
system it is necessary to classify the forward displacement of the dummy as ‘safe’ or 
‘not safe’ in each of the simulated crash scenarios. 
The current EuroNCAP directive limits the steering wheel displacement to 80mm 
upwards and 100mm rearwards in the frontal crash test (EuroNCAP 2013). Failing to 
achieve this may reduce the score of the vehicle rating. In general, vehicle 
manufacturers try to comply with this standard. The actual intrusion of the vehicle in 
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the EuroNCAP frontal test is specific to the vehicle and is not publically available. 
Previous work exploring the fatality injuries involving a European car suggests that 
intrusion in excess of 90mm should be less occurring at speeds up to that tested in 
the regulations (Frampton et al. 2004). 
A measure to limit the distance between the dummy and the steering wheel in a 
simulation was chosen after analysing the CCIS real world accident sample. Records 
with ETS between 40km/h and 70km/h were selected from the working sample 
(N=7729). It was found that almost 85% of the selected sample (N=742) had steering 
wheel displacement less than 80mm. 12% of the vehicles had steering wheel 
intrusion greater than 100mm and in most of those cases catastrophic structural 
damage to the vehicle was noticeable. Consequently, 80mm was chosen as the limit 
of the minimum distance between the dummy (head, chest) and the steering wheel. In 
an ideal situation, by knowing the crashworthiness of the vehicle for a particular 
crash, this limit can be made flexible. 
6.6 Best Restraint Selection Results 
The normalised injury outcome for different body regions, AIS 2+ injury risks for 
different body regions and the Pjoint scores for younger occupants (30 years) in each 
simulated scenarios were estimated and are provided in Appendix 12. 
6.6.1 50th Percentile Driver 
The lowest load limiting threshold of 2kN produced the least HIC and chest 
compression values in all impacts (Table A- 7). The restraint system allowing a 
greater amount of forward displacement resulted in higher femur load however the 
corresponding increase in AIS 2+ injury risk was negligible. For example, the femur 
axial force measured with the 2 and 4kN model in low FRB impact corresponds to 
0.7% and 0.4% of AIS 2+ femur injury risk respectively. As shown in Figure  6.5, the 
overall injury risk of a 2kN limiting was less than the baseline model. This implies 
that in case of a SBL value less than the baseline setting, the noted increase in the 
femur and neck injury risk had less of an overall effect. The joint injury risk in the 
Mid and NCAP crash scenarios significantly varied with the load limiter settings and 
they increased with increase in the load limiter threshold. The Pjoint value in the 
USNCAP impact with the 2kN SBL (21.7%) was slightly greater than the 3kN 
prediction (21.2%). This is due to the fact that, except chest compression value the 
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injury predictions of the 2kN model were greater than the 3kN SBL. In Mid and 
NCAP scenarios, the 6kN SBL produced the highest Pjoint scores. 
 
Figure  6.5 Joint injury risk probability of the 50th percentile H3 driver (young, 30y) 
If the best restraint has to be picked by the Pjoint score, the 2kN SBL would be the 
automatic choice in most of the simulated cases. But those low load limiting options 
induced high dummy excursions especially in the Mid and NCAP crashes, resulting 
in unstable contact with the airbag. Though it had less impact on the chest 
compression outcome, the noted increase in accelerations is not a desired effect in 
real world situations. 
The measured minimum distance between the thorax and steering wheel and the head 
and steering wheel are shown in Figure  6.6. The extra seat belt webbing allowed in 
the low SBL has displaced the dummy further towards the steering wheel than in the 
baseline model. The selected safe zone excursion limit of 80 mm is shown as dotted 
lines. It can be observed that the dummy excursion was safe in all low pulse tests. In 
the Mid impact with 2kN model and in the EuroNCAP impact with 3kN SBLs, the 
head of the dummy was in the safe distance from the steering wheel but the chest 
was below the set limit of 80mm. By knowing the structural performance of the 
vehicle in such impacts, a decision can be made to consider these load limiting 
options, but with lack of such details, these low load settings was not considered in 
the respective crash scenarios.  
The excursion of dummy head and chest was not in the safe zone in the EuroNCAP 
impact when a 2kN SBL was used. In the USNCAP impact, the SBL threshold below 
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4kN produced unsafe dummy excursions. Particularly, the chest of the dummy in the 
USNCAP impact with 2kN SBL came dangerously close (6mm) to the steering 
wheel. The distance between the chest and wheel was less than 40mm and the chest 
had not bottomed out. Nevertheless, even a small extra forward displacement of the 
thorax could have induced much harder contact, resulting in increased chest 
deflection and acceleration. 
In the USNCAP impact, the forward excursion of the head and chest with the 
baseline SBL was on the borderline. With the 6kN SBL, it was well within the safe 
zone but the predicted chest injury risk and overall injury risk (Pjoint) was much 
higher than the baseline SBL. For this reason, the baseline SBL was chosen as the 
best model. The 3kN SBL in the Mid pulse impact produced lower chest deflection 
value whilst avoiding any unstable contact with the airbag. The injury outcomes with 
progressive and degressive SBLs were also considered. The 4-2kN model in the 
EuroNCAP provided less dummy excursion and better injury outcome than the 
baseline model. The selected restraint in each impact scenarios is presented in 
Table  6.6. 
 
Figure  6.6 Head and chest to wheel minimum distance of the 50th percentile H3 driver 
6.6.2 5th Percentile Driver 
The normalised injury values, injury risk to individual body regions and Pjoint scores 
for the 5th percentile dummy are provided in Table A-8. Figure  6.7 shows that 
regardless of load limiting threshold, the Pjoint score in low severity airbag deployed 
impacts was almost similar. In the low FRB no airbag scenario, the predictions 
showed that employing a 6kN SBL would reduce the head blunt loading on the 
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steering wheel. The difference in the Pjoint values with variations in the SBL 
threshold were prominent in the Mid and NCAP scenarios. Using a 2kN SBL in these 
impacts produced the least Pjoint values. 
 
Figure  6.7 Joint injury risk probability of the 5th percentile H3 driver (young, 30y) 
The minimum distance between the dummy and the steering wheel are shown in 
Figure  6.8. Unlike the 50th percentile dummy, the minimum chest to wheel distance 
in all impacts was less than 80mm. It is due to the fact that, the dummy was 
positioned initially close (229mm) to the steering wheel compared to mid-size male 
dummy (320mm). The 2 and 3kN load limiting threshold in Mid and NCAP 
scenarios further increased the chance of the head contacting the deploying airbag. 
However, the predicted head acceleration and HIC outcome was not severe enough 
to be termed as ‘airbag slap’ effect. Nevertheless, such potential high injury risk 
scenario is possible, if the airbag is triggered later than the timing considered in this 
study. Bingley et al. (2005) found that the small female drivers generally lean 
forward towards the steering wheel than the current setup, under such conditions the 
injury risk from the deploying airbag may considerably increase. Considering these 
facts, it was understood that varying the load limiter for smaller occupants has 
limited scope. In such scenarios, the load limiting threshold can be set at the baseline 
level. The 6kN showed some improvements to chest injury risk in both FRB impacts, 
however it was limited. For this reason, the baseline 4kN SBL was chosen for the 
smaller female dummy in all simulated airbag deployed impacts as listed in Table  6.6. 
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Figure  6.8 Head and chest to wheel minimum distance of the 5th percentile H3 driver 
6.6.3 95th Percentile Driver 
The joint injury risks of the 95th percentile dummy in the driver position are shown 
in Figure  6.9. The estimated injury risk to individual body regions for younger 
occupants is given in Table A- 9. The 2kN SBL predicted the best chest compression 
outcome in all low severity scenarios. In both NCAP impacts, the overall injury risk 
predicted with the 2kN SBL was higher than the baseline estimation. This was due to 
unstable loading of the airbag onto the steering wheel resulting in harsher chest and 
head loading. 
The measured minimum distance between the chest and steering wheel and head and 
steering wheel are shown in Figure  6.10. In both low severity scenarios, the dummy 
excursions in the 2kN model were safe. In the Mid crash scenario with the 2kN SBL, 
the measured wheel to head and wheel to chest distance was 62mm, which was 
below the selected safe zone limit. The 3kN SBL predicted safer dummy excursion 
in the Mid impact whilst avoiding any unstable airbag contact. The forward 
excursion of both head and chest of the dummy in NCAP impacts with a 2, 3 and 
4kN SBL was less than 80mm. However, the baseline load limiting option was 
selected as the best restraint model considering the high injury outcome with the 6kN 
option. Table  6.6 lists the selected restraints and its corresponding injury risks. 
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Figure  6.9 Joint injury probability risk of the 95th percentile H3 driver (young, 30y) 
 
Figure  6.10 Head and chest to wheel minimum distance of the 95th percentile H3 driver 
6.6.4 50th Percentile Front Seat Passenger 
In an absence of any measure to check the dummy excursion, the dummy head and 
chest accelerations were visually examined for any unstable contact with the 
airbag/dashboard.  
The normalised injury risks to each body regions for all simulated impacts are 
provided in Table A-10. The dummy had not struck the vehicle interiors in any of the 
simulated impacts. The 2kN SBL produced the lowest joint injury risk score in all 
impacts (Figure  6.11); although a greater forward displacement of the dummy in high 
pulse impacts with a 2kN SBL resulted in higher chest and head loading from the 
airbag. Indeed, the peak head and chest acceleration values in the high pulse impacts 
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were the same or greater when using the 2kN SBL. More simulation runs with 
different dummy postures and crash pulses is required for a greater understanding of 
the effect of using 2kN SBL in such crash scenarios. The 3kN SBL in Mid pulse and 
EuroNCAP impacts provided the best injury protection with stable airbag loading. 
The injury predictions with the 4-2kN SBL were better than the baseline model and 
they allowed less dummy excursion compared to the 2kN model. However, the 
injury predictions with the 4-2kN degressive SBL were not as good as predicted by 
the 3kN model. The selected restraint characteristics are listed in Table  6.7. 
 
Figure  6.11 Joint injury risk of the 50th percentile H3 front seat passenger (young, 30y) 
6.6.5 95th Percentile Front Seat Passenger 
The Pjoint comparison of the 95th percentile dummy in passenger seat is shown in 
Figure  6.12. The injury risks to each body regions for all simulated impacts are 
provided in Table A- 11. In all low severity impacts, using a 2kN SBL produced best 
chest and overall injury outcomes. The belt ‘spool out’ effect was noticed in the Mid 
and NCAP impacts when a 2kN SBL was employed, resulting in higher chest and 
overall injury outcomes. In the Mid and NCAP scenarios, the peak chest acceleration, 
chest compression outcome with the 3kN SBL was higher than the baseline SBL. 
The Pjoint value of the 3kN SBL was almost similar to the baseline, suggesting 
employing a low SBL has no/limited injury reduction benefit in such impacts. In 
crash scenarios where no injury benefit was predicted by the low load limiting 
options, the default SBL threshold of 4kN was selected as the best restraint model. 
The selected load limiting threshold for each tested impact is given in Table  6.7. 
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Figure  6.12 Joint injury risk probability of the 95th percentile H3 front seat passenger 
(young, 30y) 
6.6.6 Summary of the Best Restraint System 
Table  6.6 and Table  6.7 lists the selected best restraint for the driver and passenger 
side simulated impacts respectively. The AIS 2+ chest injury risk in when employing 
the best and baseline models are also provided for all tested impacts. In the risk 
function, the age was set as 30, 50 and 70 years for young, middle-aged and older 
occupants respectively and is based on the mean value of age categories from the 
accident sample.
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Table  6.6 Summary of best restraint from driver side model predictions 
Dummy Crash Scenario 
Baseline Best Baseline AIS 2+ chest risk [Rbase] 
Best AIS 2+ chest risk 
[Rbest] 
Model CC (mm) Model 
CC 
(mm) 
Young 
(a1) Mid (b1) Old (c1) 
Young 
(a2) Mid (b2) Old (c2) 
50th  
Driver 
26km/h FRB 4kN 28.4 2kN 22.9 8.7% 22.9% 47.9% 4.1% 11.8% 29.4% 
26km/h FRB No AB 4kN 26.5 2kN 18.5 6.8% 18.5% 41.4% 2.1% 6.2% 16.9% 
40km/h ODB 4kN 29.5 2kN 23.1 10.0% 25.6% 51.6% 4.3% 12.1% 30.0% 
56km/h ODB 4kN 34.2 3kN 30.0 16.9% 38.6% 66.1% 10.6% 26.9% 53.3% 
EuroNCAP 4kN 36.0 4-2kN 35.8 20.2% 43.9% 70.8% 19.8% 43.3% 70.3% 
USNCAP 4kN 35.2 4kN 35.2 18.6% 41.5% 68.8% 18.6% 41.5% 68.8% 
5th 
Driver 
26km/h FRB 4kN 20.3 4kN 20.2 2.8% 8.2% 21.6% 2.8% 8.2% 21.6% 
26km/h FRB No AB 4kN 26.2 6kN 26.1 6.6% 17.9% 40.3% 6.4% 17.1% 39.0% 
40km/h ODB 4kN 20.4 4kN 20.4 2.8% 8.3% 22.0% 2.8% 8.3% 22.0% 
56km/h ODB 4kN 34.5 4kN 34.5 17.4% 39.5% 67.0% 17.4% 39.5% 67.0% 
EuroNCAP 4kN 37.3 4kN 37.3 22.8% 47.8% 74.0% 22.8% 47.8% 74.0% 
USNCAP 4kN 37.0 4kN 37.0 22.1% 46.7% 73.1% 22.1% 46.7% 73.1% 
95th  
Driver 
26km/h FRB 4kN 25.7 2kN 19.2 6.2% 16.9% 38.7% 2.3% 6.9% 18.7% 
26km/h FRB No AB 4kN 25.4 2kN 13.4 5.9% 16.2% 37.5% 0.8% 2.5% 7.2% 
40km/h ODB 4kN 26.3 2kN 18.6 6.6% 18.0% 40.6% 2.1% 6.3% 17.1% 
56km/h ODB 4kN 34.8 3kN 32.4 18.0% 40.5% 67.8% 13.9% 33.4% 60.9% 
EuroNCAP 4kN 39.2 4kN 39.2 26.8% 53.2% 77.9% 26.8% 53.2% 77.9% 
USNCAP 4kN 41.2 4kN 41.2 31.6% 58.9% 81.7% 31.6% 58.9% 81.7% 
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Table  6.7 Summary of best restraint from passenger side model predictions 
Dummy Crash Scenario 
Baseline Best Baseline AIS 2+ chest risk [Rbase] 
Best AIS 2+ chest risk 
[Rbest] 
Model CC (mm) Model 
CC 
(mm) 
Young 
(a1) Mid (b1) Old (c1) 
Young 
(a2) Mid (b2) Old (c2) 
50th FSP 
26km/h FRB 4kN 25.8 2kN 21.5 6.2% 17.1% 39.0% 3.4% 9.7% 25.0% 
26km/h FRB No AB 4kN 26.3 2kN 17.4 6.7% 18.1% 40.7% 1.7% 5.1% 14.4% 
40km/h ODB 4kN 29.2 2kN 19.0 9.6% 24.8% 50.6% 2.3% 6.7% 18.2% 
56km/h ODB 4kN 30.9 3kN 26.8 11.8% 29.3% 56.2% 7.1% 19.2% 42.4% 
EuroNCAP 4kN 32.8 3kN 28.3 14.5% 34.5% 62.1% 8.6% 22.6% 47.5% 
USNCAP 4kN 37.2 4kN 37.2 22.6% 47.4% 73.7% 22.6% 47.4% 73.7% 
95th FSP 
26km/h FRB 4kN 27.4 2kN 16.3 7.7% 20.6% 44.6% 1.4% 4.3% 12.2% 
26km/h FRB No AB 4kN 27.4 2kN 13.8 7.7% 20.6% 44.6% 0.9% 2.7% 7.9% 
40km/h ODB 4kN 26.8 2kN 14.4 7.1% 19.2% 42.4% 1.0% 3.0% 8.8% 
56km/h ODB 4kN 29.2 4kN 29.2 9.7% 24.9% 50.7% 9.7% 24.9% 50.7% 
EuroNCAP 4kN 32.8 4kN 32.8 14.6% 34.7% 62.2% 14.6% 34.7% 62.2% 
USNCAP 4kN 35.9 4kN 35.9 20.0% 43.7% 70.6% 20.0% 43.7% 70.6% 
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6.7 Comparison of Chest Injury Risk between Age Groups  
Figure  6.13 compares the AIS 2+ chest injury risk of a mid-size occupant by age 
groups. The result implies that, irrespective of the impact scenarios, the chest injury 
risks for older occupants were greater than the younger occupants. In low pulse FRB 
impacts, the injury risk for older drivers in the baseline SBL was 48%, which was 
almost five times greater than the injury risk of younger drivers and twice as great as 
for middle-aged drivers. A similar difference was observed in the low pulse ODB 
impact. The chest injury risk of older drivers in the EuroNCAP impact was 
approximately 3.5 and 1.5 times greater than the young and middle-aged drivers 
respectively.  
The maximum chest compression allowed for an average occupant (50th percentile 
male, age 35) in the European regulatory test is 50mm. It corresponds to 58% risk of 
AIS 2+ chest injury, according to the developed injury risk function (Eq. (6.9)). 
From the figures it can be observed that, in Mid and NCAP impacts, the estimated 
AIS 2+ injury risk for the older drivers with the baseline SBL was greater than the 
maximum allowed AIS 2+ injury risk (>58%). Also, in low speed impacts, the risk of 
sustaining an AIS 2+ chest injury for older drivers was high at around 50%.  
Also, the risk of AIS 2+ chest injury for the older 50th percentile occupants in the 
passenger seat and the older 95th percentile occupant in both front seating positions, 
when employing a baseline load limiter in NCAP type impacts was greater than 60%. 
These findings highlight the need to consider the effect of ageing while developing 
restraint systems. 
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                 a) 26km/h @ 100% overlap  b) 26km/h @ 100% overlap (No Airbag)                        c) 40km/h @ 40% overlap 
 
   
     d) 56km/h @ 40% overlap       e) 64km/h @ 40% overlap                    f) 56km/h @ 100% overlap  
Figure  6.13 Comparison of the AIS 2+ chest injury risk between occupants of different age groups – 50th percentile drivers
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6.8 Real World Benefit 
The simulation results showed that varying the SBL has potential to reduce the chest 
injury risk for occupants in certain impacts. The next step is to quantify the real 
world chest injury reductions by using the estimated chest injury risk reductions.  
6.8.1 Classifying the Crash Scenarios  
The simulated impact scenario was matched with the real world accident data as 
explained in Chapter 5 (refer to Section 5.3), although crash speed greater than 70 
km/h and front facia or steering wheel intrusion above 80mm were not matched with 
the simulated scenarios. In the high speed impacts, the crashworthiness of the vehicle 
structure is usually questionable and in the high intrusion crashes the restraints may 
not perform optimally due to less ride-down space from intruding objects. These 
selection criteria ensured that the ride-down space inside the vehicle was intact in the 
impact and loading of the chest other than by the seatbelt was limited. Furthermore, 
crashes with narrow objects (<41cm) were not matched with the simulated scenarios, 
mainly because the concentrated loading of the vehicle front structure in such 
impacts has higher risk of serious injury. Also, the injury mechanism in such impacts 
may differ from the simulated scenarios. Accordingly, of the 377 occupants who had 
sustained AIS 2+ chest injury from the seat belt alone, 298 (79%) were matched with 
a five simulated crashes. Details of the categorisation of the matched cases (298) 
with the frequency of occurrence are shown in Table  6.8. This reduced target sample 
of 298 occupants consists of 221 (74%) drivers and 77 (26%) front passengers, of 
whom 35 (12%) occupants were young, 165 (55%) were middle aged and 98 (33%), 
were older occupants. 
Table  6.8 Accident sample categorisation details of AIS 2+ seat belt chest injured occupants
Simulated scenarios Real Crashes Matched sample (N) 
26 km/h 100% ETS ≤ 40 km/h full overlap 155 
40 km/h 40% ETS ≤ 45 km/h offset 116 
56 km/h 40% ETS 46 - 60 km/h offset 2 
64 km/h 40% ETS 61 - 70 km/h offset 0 
56 km/h 100% ETS 41 - 70 km/h full overlap 25 
No simulation Unmatched crashes 79 
Total 377 
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6.8.2 Benefit Quantification - Methodology 
The chest injury risk was estimated from the simulation results for an array of ninety 
simulated events with varying load limiting thresholds as described below:  
{three occupant size} x {five impact types} x { two seating position} x {three age 
groups} 
where 
• Sizes = 50th percentile, 5th percentile and 95th percentile HIII dummy 
• Impacts= 26km/h FRB, 40km/h ODB, 56km/h ODB, EuroNCAP, USNCAP 
• Position = Driver, FSP 
• Age = Young, Mid, Old 
The frequency of AIS 2+ seat belt- related chest injury for each age group after 
employing the smart restraint system was estimated by assuming that in each of the 
categorised crash scenarios, the predicted chest injury risk of the baseline model 
would be representative of the real world chest injury risk, and by switching to the 
best load limiter model, the real world injury risk would reduce relative to the 
corresponding simulated prediction. 
               [𝐹𝐹𝑐𝑐𝐴𝐴𝐴𝐴𝑓𝑓𝑡𝑡]𝐴𝐴𝑔𝑔𝑑𝑑 = [𝐹𝐹𝐴𝐴𝑐𝑐𝑡𝑡𝑓𝑓𝐴𝐴𝑒𝑒]𝐴𝐴𝑔𝑔𝑑𝑑 ∗ � � � � 𝑊𝑊𝑖𝑖𝑖𝑖𝑘𝑘 [𝑅𝑅𝑏𝑏𝑑𝑑𝑐𝑐𝑡𝑡]𝑖𝑖𝑖𝑖𝑘𝑘[𝑅𝑅𝑏𝑏𝐴𝐴𝑐𝑐𝑑𝑑]𝑖𝑖𝑖𝑖𝑘𝑘3 𝑐𝑐𝑖𝑖𝑠𝑠𝑑𝑑𝑐𝑐𝑘𝑘=1
5 𝑖𝑖𝐴𝐴𝑖𝑖𝐴𝐴𝑐𝑐𝑡𝑡𝑐𝑐 
𝑖𝑖=1
2 𝑖𝑖𝑡𝑡𝑐𝑐𝑖𝑖𝑡𝑡𝑖𝑖𝑡𝑡𝐴𝐴
𝑖𝑖=1
     �     (6.12) 
Where, 
• Fsmart is the estimated frequency of occupants to sustain AIS 2+ chest injury 
with a smart system for that particular age group 
• Factual is the actual frequency of AIS 2+ chest injured in the sample for that 
particular age group. 
• Wijk is the age dependent, real world weighting factor, such that 
• Wijkis  Wposi ∗  Wimpactj ∗  Wsizek 
•  [Rbest]ijk and [Rbase]ijk are the AIS 2+ chest injury risk of the best and 
baseline model respectively for particular seat position, impact severity, 
occupant size and age group, as provided in Table  6.6 and Table  6.7. 
The weighting factors for the impact type and age group were calculated from the 
sample (n=298). The weighting factor of the occupant size based on height was not 
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able to be determined reliably from the target sample due to large missing data. 
Therefore, a representative weighting factors for each occupant size was estimated 
from the frontal crash working sample (N=7729). The occupant sizes were classified 
by their height based on the classification considered by Laituri et al. (2003) as 
described below, 
• 5th - height ≤ 158 cm, 
• 50th- 159 cm≤ height ≤ 182 cm, and 
• 95th- height ≥ 183cm. 
The weighting factors estimated from the accident data are provided in Table A- 12. 
For those 79 cases which were not matched with a simulated scenario and for the 
non-simulated 5th percentile dummy in passenger seat scenarios, it was assumed that 
varying the load limiter would not have produced any reduction or increase in the 
chest injury risk. i.e. ratio of Rbest and Rbase is 1. It was also assumed that all 
vehicles in the target sample of accident data had a frontal airbag and a 4kN SBL 
(similar to the baseline numerical model).  
6.8.3 Results 
Table  6.9 illustrates the real-world potential of intelligently varying the load limiter 
threshold. The result suggests that, if all of the vehicles in the accident sample had 
used the best SBL setting, the proportion of older occupants who had sustained AIS 
2+ seat belt chest injury in frontal crashes would have reduced to 8.6% from the 
actual accident injury risk of 13.1%. For young and middle-aged occupants, the 
corresponding chest injury risk would have reduced to 0.9 and 5.0% from their actual 
accident injury risk of 1.3 and 7.6%, respectively. The actual AIS 2+ injury risk for 
all front seating occupants reduced from 4.8% to 3.2%.  
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Table  6.9 Actual and estimated (smart SBL) AIS 2+ chest injury risk from seat belt loading 
for front seat occupants in frontal impacts.  
Age 
group 
Total No. 
of frontal 
Occupants 
(A1) 
Actual No. of 
AIS 2+ seat 
belt chest 
injured (Factual) 
(A2) 
Actual 
risk 
(A2/A1) 
Estimated No. 
of AIS 2+ seat 
belt chest 
injured (Fsmart) 
(A3) 
Estimated 
risk 
(A3/A1) 
Young 4108 52 1.3% 38 0.9% 
Mid 2713 206 7.6% 135 5.0% 
Old 908 119 13.1% 78 8.6% 
Overall  7729 377 4.8% 251 3.2% 
 
Figure  6.14 shows how that distribution would change if a smart load limiter was 
available in the accident sample studied. This result suggests that by adapting the 
load limiter threshold, chest injury risk can be reduced. The smart load limiters are 
appeared to be more beneficial to the older occupants, because the older population 
is more vulnerable to chest injuries. 
 
Figure  6.14 Changes in the chest injury severity for front seat occupants with AIS 2+ chest 
injury from the seat belt  
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6.9 Summary 
• For the 50th percentile dummy in both front seating positions, varying the 
load limiter produced the best chest injury scores in low and Mid severity 
impacts whilst avoiding hard contacts with the interior. 
• The 4-2kN degressive SBL predicted injury risk reduction to the 50th 
percentile driver in the EuroNCAP simulation compared to the baseline SBL.  
• Unlike drivers, using SBL threshold below baseline value (4kN) may reduce 
the chest injury risk to the front seat passengers in EuroNCAP type impacts. 
• In general, varying the SBL threshold for the 50th and 95th drivers in severe 
impacts had limited scope. 
• For the 5th percentile occupants, who tend to sit closer to the steering wheel, 
tailoring the SBL alone had no injury reduction benefit. 
• For the 95th percentile front seat occupants, the 2kN SBL predicted best 
injury scores in low severity impacts. Using low threshold SBLs (2 or 3kN) 
increased the injury chest risk for the 95th percentile occupants in both front 
seating positions in the NCAP type impacts. 
• If the vehicle in the sample studied had been fitted with the smart system, 
then 33% of the front seat occupants who had sustained AIS 2+ seat belt 
injuries would have a reduced chest injury severity level. 
• The risk of sustaining an AIS 2+ seat belt injury reduced to 0.9%, 5.0% and 
8.6% for younger, middle aged and older occupants respectively from their 
actual injury risk of 1.3%, 7.6% and 13.1%. 
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Chapter 7 Discussion 
7.1 Introduction  
Injury severity outcome in a crash is based on the interaction of several factors 
including occupant characteristics such as age, gender, stature and seating position 
and crash characteristics such as impact speed, overlap and intrusion. Intelligently 
varying the restraint deployment characteristics according to crash needs has the 
potential to provide injury protection in wider crash scenarios than those catered by a 
single point restraint system which are generally optimised for one particular type of 
occupant and one particular type of crash scenario. This research investigated the 
potential real world injury reduction benefit of a smart load limiter for front seat 
occupants in a frontal car crash.  
The research comprised of a) a literature review exploring previous research in areas 
relevant to this frontal impact safety diversity study, current restraint systems and its 
effectiveness, potential of smart/adaptive restraints b) a real world accident data 
analysis to compare the trends found in the literature reviews with the latest available 
dataset and to identify the target population of vehicle occupants and frontal crash 
scenarios where smart load limiters can provide improved safety to a wider occupant 
group ; c) the development of a numerical model and its validity; d) a parametric 
analysis studying the effect of varying load limiter threshold on occupant kinematics 
and injury outcomes in selected frontal crash scenarios; e) a final study to estimate 
the potential benefit of the proposed smart system and its real world chest injury 
reduction. 
This chapter presents a discussion of the rationale, development and main results that 
emerged from this research under the following areas.  
• Findings of the in-depth accident data analysis. 
• Numerical model development and adaptation of restraint characteristics. 
• Estimated injury risk-benefit and real world chest injury reduction. 
• Challenges and limitations of the applied methodology. 
• Suggestion for future work. 
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7.2 Real World Accident Data Analysis  
Detailed review of previous research found that several different factors come 
together to determine accident injury outcome. To verify this with recent real world 
accidents, the UK Co-operative Crash Injury Study (CCIS) data collected between 
1998 and 2008 were analysed. CCIS is based on a stratified sampling procedure. 
Weighting factors based on sampling percentage were applied to the data in order to 
give a representative population of crashes. From the sample, vehicles involved in 
non-rollover frontal impacts with a principal direction of force ±30° were chosen. To 
further compare the sample with relatively modern cars, vehicles manufactured after 
the calendar year 1995 and fitted with a frontal airbag and seat belt pretensioner were 
selected. This research focussed on optimising the seat belt restraint system, 
therefore the data sample was further narrowed to belted adult front seat occupants 
(15+ years). The selection criteria yielded 7729 records (weighted) of which a 
majority (86%) were drivers and 14% were passengers. 
Only 1% of the occupants in the CCIS working sample had sustained AIS 3+ head 
injury. This indicates the protection offered by modern vehicles to the head region in 
frontal impacts is generally good, concurring with earlier real world studies (Lenard, 
Frampton et al. 1998; Frampton et al. 2002; Frampton et al. 2006; Kirk et al. 2002). 
The number of injuries sustained by front seat occupants in the neck region was 
higher than in any other body region. But the majority of those were only rated at 
AIS 1 level. This suggests that serious and life threatening neck injuries are less 
common in frontal crashes. The chest was the most often injured body region at AIS 
2+ injury. A high frequency of severe chest injury in the frontal impacts are reported 
by several authors (Kitagawa & Yasuki 2013; Ridella et al. 2005; Brumbelow & 
Zuby 2009; Lenard et al. 1998; Welsh, Morris, Frampton, et al. 2006). The head and 
chest were found to sustain higher rates of AIS 4+ injuries and this is similar to 
previous findings (Frampton et al. 2006). A high frequency of lower extremity 
injuries in frontal crashes were reported with earlier studies (Morris et al. 2006; 
Austin 2012; Rudd 2009; Welsh, Morris, Frampton, et al. 2006) which are rarely life-
threatening (Read & Kufera 2004). In the sample, lower extremity injury was the 
second most frequent followed by the chest region when considering AIS 2+ and 
AIS 3+ type injuries. However, the maximum injury severity for those lower 
extremity injuries was rated at AIS 3 level. Although none of them were life 
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threatening, these results suggest that along with chest injuries, there is still a need to 
reduce lower extremity injuries in frontal impacts. A similar recommendation was 
made by Welsh et al. (2006). 
7.2.1 Injury Severity and Age 
The real world accident sample was analysed to investigate the influence of 
variability in occupant age on injury outcome. Older drivers and passengers in the 
sample were more at risk of sustaining ‘serious’ and ‘fatal’ injuries. Considering the 
overall MAIS injury outcomes, the older occupants in both seating positions were 
also overrepresented at MAIS 2+ level injuries. This result verifies the continuing 
vulnerability of older occupants to serious injuries in frontal impacts, concurring 
with earlier real world studies using CCIS data (Morris et al. 2003; Welsh, Morris, 
Hassan, et al. 2006). This is also consistent with several American real world 
accident studies (Kent et al. 2009; Carter et al. 2014; Ridella et al. 2012). 
For occupants with MAIS 2+ and MAIS 3+ injuries, the chest was most often the 
area of maximum injury location. Half of the older drivers and 80% of the older 
passengers sustained their most severe injury to the chest. This emphasises the higher 
risk of serious chest injuries to the older occupants in a frontal crash, which is similar 
to earlier findings (Kent, Henary, et al. 2005; Morris et al. 2002; Augenstein et al. 
2007; Zhou et al. 1996; Welsh, Morris, Hassan, et al. 2006). For younger drivers, the 
lower extremity was the most common maximum injury location at MAIS 3+ level 
and for the passengers the most common MAIS 3+ maximum injury location was the 
abdomen. This suggests that the injury severity and body region most frequently 
injured in a crash significantly varies with occupant age. Several studies have linked 
this variation in the accident outcome to the biomechanical changes related to ageing. 
Inclusion of age related occupant protection, especially to the chest region in frontal 
test procedures would be therefore beneficial. 
7.2.2 Comparison of Drivers and Front Seat Passengers 
In the European regulatory and consumer frontal crash test programmes, a 50th 
percentile dummy is used to test the occupant crash safety in both front seating 
positions. The dummy represents an average sized young adult male. However, in 
reality, occupants of different stature, age and gender use the vehicle type and their 
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preference of seating position may vary. This may have direct effect on the injury 
severity outcome between the two seating position. 
The mean age of the occupants on the passenger side was higher compared to the 
drivers. When compared to the driver seat, the proportion of elderly occupants in the 
front passenger seat was higher (18% compared to 11%). This is in agreement with 
Augenstein et al. (2007), who reported that the front passenger seat is most 
frequently occupied by an elderly person who is more vulnerable to injury. The 
authors also observed that, usually when an elderly female is a driver, the elderly 
male passenger was older and likely more vulnerable to injury. These findings show 
that the front passenger seat is most frequently occupied by females, short stature and 
older occupants, suggesting that the restraints tuned for an average sized adult male 
may not be effective for these frequent user group. 
In the crash data sample, differences in the gender proportion were observed between 
the two seating positions. The majority of the drivers were male (63%). Despite 
being the minority in the overall sample, the proportion of females outnumbered the 
proportion of males on the passenger side. This can be explained by the findings of 
the Department of Transport’s accident data research report (Ward et al. 2007), 
which quotes: 
“Women, even licence holders, are often passengers in a male-driven car”. 
The mean height of the front seat passengers (168.2) was less than the drivers (171.8). 
This is likely due to overrepresentation of female occupants in a passenger side, who 
are generally smaller in stature than males. The mean height of male occupants 
(177cm) in the entire working sample was significantly higher than females (164cm). 
Anthropometrical analysis by Pheasant (Pheasant 1990) found that the a) the height 
of 5th percentile females is 8.5cms shorter than 5th percentile males b) the height of 
50th and 95th percentile females is less than the stature of males by 13cms and 
14.5cms respectively. 
The crash severity in this study was determined by the Equivalent Test Speed (ETS). 
There was no significant difference in the mean ETS between the both front seating 
positions. The rate of MAIS 3+ injury sustained by passengers was significantly 
greater than for drivers. This change in injury risk between the two seating positions 
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is similar to the findings of Augenstein et al. (2007). When injuries to each body 
regions were assessed, the difference in AIS 3+ injuries between both seating 
positions was significant in the chest, abdomen and lower extremity body regions. 
The rate of AIS 3+ chest injury to the passenger side was greater than the driver side. 
This result is similar to the observations made by Welsh et al. (2006) using the CCIS 
data. The apparent difference in the chest injury risk between two seating positions in 
this study could be due to overrepresentation of older occupants and females who are 
generally susceptible to serious chest injuries than their younger and male 
counterparts respectively. A case-by-case review of thirty four matched real world 
in-depth accident cases (CCIS and GIDAS database) where the impact conditions 
were similar to the EuroNCAP frontal impact crash test were reviewed for the 
European THORAX project (Carroll, Smith, et al. 2009). The analysis found that the 
front seat passenger sustained more severe injuries compared to the driver. One of 
the possible explanations given by the author was that the restraint systems were 
better optimised for the drivers than for the passengers, suggesting potential scope of 
improvement to the front passenger restraint system. 
The AIS 3+ abdomen injury rate to the passenger side was greater than the driver 
side. This trend is similar to the findings of Frampton et al. (2012) and Lamielle et al. 
(2006). As with the chest region, the difference in abdomen injury between seating 
position could be due to variation in age, gender or it could be that the protection 
level offered by the restraint system may be lower than the driver restraint system. 
The proportion of passenger side occupants who had sustained AIS 1+ lower 
extremity injury were much higher than the drivers, but drivers had sustained more 
AIS 3+ lower extremity injuries than the passengers. In a frontal crash, injuries to the 
lower extremities vary with the level of intrusion. The difference in lower extremity 
injuries between seating position can be due to that fact that, offset impacts to the 
driver side are more common in the UK. Therefore drivers probably experienced 
higher level of intrusion. The CCIS sample also reflected this; the facia intrusion of 
greater than 10cms was more common for drivers (4.2%) than the passengers (2.3%).  
The results clearly demonstrate the fact that the injury severity outcome between 
seating positions depends on the occupant characteristics such as gender and age. 
Currently, the European consumer and regulatory frontal crash tests include a 50th 
percentile male on the passenger side, but the real world accident analysis portrays a 
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very different picture. The findings imply that most exposed and seriously injured 
occupants in the passenger seat were not an average male. The inclusion of a 5th 
percentile female dummy in the front passenger seat as in the USNCAP test, may 
benefit occupant safety in Europe.  
7.2.3 Effect of Occupant and Crash Characteristics on Severe Injury  
The descriptive data analysis suggested an influence of occupant and crash factors on 
accident outcome. A multivariate logistic regression analysis was subsequently 
performed to comprehensively estimate the effect of these occupant factors and other 
crash characteristics on serious- fatal injuries (AIS 3+) to different body regions. 
This analysis was conducted to further verify the results obtained from the earlier 
descriptive analysis. Due to the high number of missing data, occupant height, 
weight and BMI were not included in this analysis. 
ETS and compartment intrusion were the most consistent predictor of AIS 3+ 
outcome for all body regions. The risk of severe injury to all body regions increased 
with ETS and intrusion. Age was determined to be one of the significant predictors 
of injury outcome in the head, neck and chest regions. The relationship between age 
and serious head injury in this study is similar to other recent analysis (Mallory 
2010). Using the NASS-CDS database, Mallory reported greater serious head injury 
risk to older occupants, especially bleeding type injuries, compared to younger 
occupants, even in low severity frontal impacts.  
The chest was more prone to serious injuries due to ageing than any other body 
region. The significance of age was highest in the chest (p <0.0001). The observed 
increase in the severe chest injury with age through multivariate logistic regression is 
similar to previous research (Schneider et al. 2004; Carter et al. 2014; Ridella et al. 
2012; Newgard 2008). Gender substantially modified the relationship between age 
and AIS 3+ chest injury outcome. The model showed a higher rate of chest injury for 
passengers than drivers. In the chest region, age had a significant interaction term 
with the gender. This explains that, as the age increased, the risk of serious chest 
injury for females surpassed the injury risk of the male occupants. This result is in 
agreement with the findings of Ridella et al. (2012). Applying multivariate logistic 
regression analysis on combined NASS-CDS and CIREN data, Ridella et al. reported 
an increase in AIS 3+ chest injury risk with age, being significantly higher for 
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women than men. They also found that the odds ratio for the AIS 3+ injury was 
largest in the thorax body region for women compared to men. A similar trend was 
also reported in other studies (Prasad et al. 2005; Carter et al. 2014).This is also 
consistent with the analysis of Rhule et al. (2011), who compared the injury risk of 
older occupants (>60 years) to younger occupants. The authors reported that older 
women had a significantly greater injury risk than men in the same older age group. 
This change in protective effects of trauma for females could be due to increased 
fragility caused by high prevalence of osteoporosis (Melton et al. 1997). It is in part, 
due to reduction in the levels of hormones (e.g.,estrogen) seen in post-menopausal 
women (Kovacs 2005).  
Females were less susceptible to severe head injury in this study, which is in 
disagreement with the findings of previous American studies (Ridella et al. 2012; 
Carter et al. 2014). However, those analyses contained unbelted occupants and 
vehicles with no airbag. In the unbelted and/or no airbag scenario, female occupants, 
who tend to sit close to the vehicle interiors due to their short stature, have a greater 
chance of head injury through striking the steering wheel or vehicle interiors. 
However, the inclusion of only airbag cases in the current study could have reduced 
this gender based disparity. In fact, Kirk et al. (2002) reported that injuries to shorter 
drivers in the airbag equipped European vehicles are significantly less compared to 
the non-airbag models. This could also be the case for passenger side occupants.  
Impacts at 12 o’clock direction showed less injury risk to the head region. Lateral 
components in other impact types (11 and 1‘o clock) may alter the angle of head 
contact with the frontal airbag, increasing the head injury risk. Seating position was 
found as a significant predictor in the chest and lower extremity AIS 3+ injuries. The 
model predicted that the passengers were at higher risk of AIS 3+ chest injury 
compared to drivers and vice versa when AIS 3+ lower extremity injuries were 
analysed.  
7.2.4 Chest Injury Findings  
Crash characteristics were analysed to check if the crash characteristics experienced 
by the occupant of different age group was different. The mean ETS between age 
groups in both seating positions was almost similar. As found in the regression 
analysis, intrusion and vehicle body type were the other two significant crash factors 
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in determining injury severity for the chest region. The proportion of older occupants 
involved in crashes with considerable front facia intrusion (>10cm) was less 
compared to the other two younger age groups. This part of the analysis has gone 
some way to illustrate that the crash severity experienced by the older occupants was 
similar or less severe than their younger counterparts. This suggests that the 
difference in the injury outcome between age groups is more due to age related 
biomechanical differences.  
The rate of older occupants sustaining serious chest injuries in lower ETS was 
significantly higher than their younger counterparts. Out of 154 older front seat 
occupants with AIS 2+ chest injury, the ETS for 52% of them was less than 30km/h 
and for 81% of them ETS was less than 40km/h. These crash severities are much 
lower than the legal and consumer frontal crash test requirements. Despite mean ETS 
being similar between age groups, there was a significant difference in the mean ETS 
between the age groups when chest injury occurred. The mean ETS of the AIS 2+ 
injured older occupant was 32km/h, less than that for younger (45km/h) and middle-
aged (34km/h) occupants. This implied older occupants tended to sustain 
proportionally more AIS 2+ chest injuries in low/moderate speed impacts. This is in 
agreement with previous studies (Augenstein et al. 2005; Welsh et al. 2006; Mertz & 
Dalmotas 2007). In impacts with ETS above 50km/h, only 20% of the younger front 
seat occupants had sustained AIS 2+ chest injuries, whereas the corresponding rate of 
injury for middle aged and older occupants were 44% and 58% respectively. This is 
agreement with the findings of Carroll et al. (2009), who reported that the young 
occupants tend to receive only slight injuries in some quite severe accidents. This 
suggests that the chest injury protection assessed through current frontal regulation 
procedures has to be revisited. 
Out of 3965 chest injuries, 81% of injuries were minor AIS 1 level surface injuries, 
such as bruises, abrasions, lacerations and contusions, caused frequently by the seat 
belt. For drivers, the seat belt and steering wheel were the most common contact 
source of AIS 2+ chest injuries. For passengers, a large proportion of AIS 2+ chest 
injuries were from the seat belt contact alone. One striking outcome from the 
analysis was the difference in the source of AIS 2+ chest injury contact between 
young drivers and their older counterparts. For young drivers, AIS 2+ chest injury 
was associated more often with the steering wheel whilst there was more frequent 
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association with the seat belt for the middle and old aged occupants. These findings 
are in agreement with the previous CCIS study by Welsh et al. (2006). This 
difference could be due to higher impact speeds experienced by the younger 
occupants. The chance of intrusion and steering wheel displacement are more 
common in such high severity crashes, possibly increasing the chance of steering 
wheel contact by the younger occupants in such crash scenarios. Less proportion of 
seat belt induced chest injuries among younger occupants can also be due to their 
higher tolerance to forces acting on the chest compared to their older counterparts. 
Skeletal injury was the most frequent type of AIS 2+ chest injury, which is similar to 
the findings of Pattimore et al. (1992). Injuries to intrathoracic organs such as the 
heart and lungs were the second most frequently occurring AIS 2+ chest injuries 
followed by injuries to vessels. Skeletal injury mainly comprised of sternum and rib 
fractures. Sternum fracture, 4 or more fractured ribs and lung contusion were the 
most frequent injury type in the sample. This is also consistent with previous CCIS 
analyses (Welsh, Morris, Frampton, et al. 2006; Hill et al. 1994). Sternum fractures 
are usually coded at AIS 2 level. They are generally less severe when occurring alone 
and are less likely to cause any further complications (Breederveld et al. 1988; 
Brookes et al. 1993). 56% of the 4+ rib fractured occupants had no other pulmonary 
complications but the other 44% of occupants had sustained pulmonary 
complications such as haemothorax and/or pneumothorax. Injuries to vessels and 
heart were less common in the sample. These injuries are mostly rated at AIS 3+ 
level, and are possibly life threatening, so should not be disregarded based on a low 
frequency of occurrence. 
The rate of older occupants with skeletal injuries (sternum, single rib, 2-3 rib and 4+ 
rib fractures) and chest injury to the organ and vessels was higher than for the other 
two age groups. Particularly, the difference in the rate of 4+ rib fractures to older 
occupants was significantly higher compared to the younger occupants. The 
proportion of sternum fracture among the chest injured occupants is almost similar 
between middle and old occupant groups. This difference in the skeletal injury 
outcome can be attributed to the age related biomechanical changes. Kent and Patrie 
(2005), reported that the 50% risk of sustaining 6+ rib fractures for 30 a year old was 
at a deflection of 43%, but a 70 year old can only tolerate 33% of the chest deflection 
for the same level of injury risk. Several studies associate this increased risk of 
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skeletal injuries among older occupants to the biomechanical changes due to the 
ageing process. It is already an established fact that as a person ages, 
demineralisation of bone occurs which makes the bone more porous and reduces the 
material strength (Cowin 2001). Kent al. (2005) found, with ageing, the rib cage 
tends to get narrower and deeper, and the thickness of the cortical bone layer reduces. 
He associated these geometrical changes to increased rib fractures for the elderly. 
The combined effects of these biomechanical changes tend to reduce the rib fracture 
tolerance and in the presence of several other comorbid factors, means that older 
people tolerate less force before such injury occurs (Kent et al. 2008). This finding 
clearly suggests the need to reduce restraint forces in frontal impacts with low 
severity crash pulses, especially for elderly vehicle occupants. 
This research was also extended to look at the relationship between rib fractures and 
the occurrence of intrathoracic injuries. With the increase in the number of rib 
fractures, the risk of pulmonary complications and organ injuries tended to increase, 
concurring with previous research (Sirmali et al. 2003; Kent et al. 2008; Thor & 
Gabler 2008). This result also indicates that, with a greater proportion of older 
occupants sustaining rib fractures, especially 4+ rib fractures, the risk of sustaining 
other thoracic complications also increases. To understand the nature of the injury 
occurrence for the different age groups, the crash severity of such injury types should 
be further studied. Such analysis could give an association between the crash severity 
(i.e. magnitude of the force experienced) and the number of rib-intrathoracic injuries. 
If the predictions for the shift in population age distributions prove correct, there 
need to be an active intervention through vehicle and restraint design. Smart restraint 
technology is a feasible approach to address age- related biomechanical variation in 
tolerance to impact. 
Some limitations were encountered in the use of the CCIS data. One of those was the 
substantial amount of missing data for certain variables, particularly among those 
related to the occupant characteristics (e.g., height, weight, and fore/aft seat position), 
crash characteristics (e.g., delta-V) and restraint detail (e.g., load limiter). When 
important variables in the context of the study such as age, crash speed, injury 
outcome were not available, those records were not considered for further analysis, 
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reducing the sample size. Due to missing details of occupant stature such as height, 
weight and BMI, these variables were not included in the logistic regression analysis. 
Chest injury risk and ageing were the main focus of this research. Therefore, some 
additional results which were outside the focus of this thesis were not investigated in 
detail. For example, there was a clear difference in the chest injury outcome between 
gender and seating position which was not examined. Also, injury outcomes to other 
body regions were not investigated in detail. 
Multivariable logistic regression models were used to assess the relationship between 
age and AIS 3+ injuries. However, different analytical approaches could have been 
used. Various advanced modelling techniques can be used to analyse a range of 
injury outcome levels, including assessment of discrete or ordered injury outcomes 
(Yamamoto & Shankar 2004; Milton et al. 2008). In the logistic regression analysis, 
age was included only as the continuous number and its significance as the age band 
(categorical variable) was not tested. 
7.3 Numerical Simulations 
Numerical simulation study involved development of numerical baseline models and 
parametric investigations were conducted to analyse the potential for varying the 
load limiters to reduce injuries. The main findings from this study are discussed in 
this section. 
7.3.1 Baseline Numerical Model 
Generic baseline driver and front passenger occupant restraint models were 
developed to numerically investigate the potential for smart load limiters in reducing 
chest injury. The models were developed using MADYMO software with identical 
frontal restraints and interiors including the steering system, seat and front facia. 
They were intended to be representative of a C segment car, also termed Small 
Family Car in Europe. In both models, the MADYMO 50th percentile Hybrid III 
ellipsoidal male dummy was positioned as in the EuroNCAP frontal crash tests.  
A two stage validation process was used to assess the developed models. First, 
attributes such as dummy orientation (pelvis angle), position of dummy with respect 
to vehicle interiors (e.g., chest to steering hub distance, nose to steering rim distance, 
abdomen to steering rim distance), and the orientation of the vehicle components 
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(e.g., windscreen angle and angle of steering wheel and steering column angle) were 
compared against measurements obtained from equivalent class vehicles. Secondly, 
the magnitude of baseline predictions were compared against measures obtained in 
comparable tests using the validated PRISM project (Bosch-Rekveldt et al. 2005) 
numerical model. For validation, the EuroNCAP impact pulse from a full-scale crash 
test of the equivalent size vehicle was applied in both numerical models. Trends in 
acceleration were similar although differences were observed in the timing and peak 
measures predicted by both models. These were mainly due to modelling differences 
in occupant seat position and airbag size. Nevertheless, the overall magnitude of the 
baseline predictions was comparable. 
Chest deflection in the European regulatory frontal crash test usually ranges between 
25 and 30mm (Hynd et al. 2011). In an equivalent crash pulse, the baseline models 
predicted chest deflection of 34.2mm and 30.9mm for driver and passenger 
respectively. This suggests that the baseline chest compression values were slightly 
greater than the usual range; however the predictions were still well below the EEVC 
threshold. The benefit of the smart restraint systems was quantified by the relative 
difference in the injury instead of an absolute value. Due to this, observed higher 
injury outcome may have limited impact on the final estimations. Segui-Gomez et al. 
(2007) reported that in the CCIS data collected between 1998 and 2008, majority of 
vehicles in the sample had ‘good’ ratings in the head region and ‘marginal’ ratings to 
the chest region. It is similar to the ratings of the baseline numerical model. This 
indicates that the baseline model may well represent the accident sample chosen for 
this study. 
These validation procedures are important as they confirm that the model behaviour 
and predictions are comparable to the safety performance of modern frontal crash 
tested vehicles. They also provided an adequate assessment of the models’ 
behaviours for the purpose of this research and they gave the confidence to use the 
baseline models. 
7.3.2 Parametric Simulations assessing the Accident Variables  
The variables included in the load limiter adaptation study were impact conditions 
varied with crash speed and front end overlap, occupant stature and age. As found in 
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literature and the accident data analysis, these variables had an influence on the 
injury severity outcome in a frontal crash. 
Five crash pulses broadly representing low, mid and high severity impacts with no 
intrusions were used in the adaptation study to simulate a wide range of real world 
frontal impacts. The impact speed in the selected crash pulse included a range of low 
and high speed scenarios. The front end overlaps of the crash pulses was either 40% 
or 100% and were assumed to represent real world crashes with overlap less than 60% 
and greater than 70% respectively. Real world crashes with ETS above 70km/h, and 
overlap between 60% and 70% were not considered to improve the match. Passenger 
compartment intrusion was not considered in this study based on two reasons. Most 
European vehicles would exhibit minimal intrusion in the selected impact scenarios, 
and intrusion would limit the scope for injury reduction using variable load limiter. 
The effect of age on injury outcome was not studied directly from the simulation, but 
using injury risk curves. It is important to note that there are several other factors 
apart from the selected variables that may be important in determining the injury 
severity. Factors such as occupant posture, occupant bracing, vehicle type and 
adjusted steering wheel positions were not considered in this research. 
The restraint adaptation study began by evaluating the injury risk of the baseline 
models’ predictions in the selected wider range of frontal crash scenarios (impact 
conditions and occupant sizes). 
7.3.2.1 Impact conditions 
The baseline driver model with the 50th percentile dummy was tested in five selected 
frontal crash scenarios with low, mid and high impact severities and no passenger 
compartment intrusion. The regulatory and consumer tests are fixed, which may not 
exactly represent the impact conditions in which injuries occur in the real world. In 
fact, the accident data analysis showed that a major proportion of injuries occurred in 
impact conditions different from those standard European frontal test procedures. In 
many instances, the serious injury occurred in impacts less severe than the current 
regulatory tests. This highlights the importance of testing the vehicle/restraints in 
different impact situations, which will allow an assessment of the overall 
effectiveness of the safety provided by those systems. 
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From the simulations, it was evident that the impact condition affects the kinematics 
of the occupant and their interactions with the restraints and vehicle interiors, 
ultimately influencing the injury outcome. In all five tested impact scenarios, the 
predicted injury outcomes to all body regions were below the European regulatory 
injury threshold. The injury outcome to the head and chest region was lowest in the 
two low severity impacts and it increased with increase in the impact severity. The 
injury outcome to the head (HIC = 922) in USNCAP impact was the highest among 
all tested crash scenarios and the protection to the head was rated as ‘weak’ 
according to the EuroNCAP rating classification. The greater injury outcomes of 
European vehicles in a USNCAP type impact queries the effectiveness of a single 
point restraint system in impacts with a higher vehicle deceleration pulse. These 
results emphasise the need to include a greater range of impact conditions and it can 
be possibly realised by the use of virtual crash testing methods. 
The limitations in simulating crash conditions different from standard crash pulses 
are considerable. The amount of intrusion and the restraint behaviour in such 
scenarios are very much uncertain. For example, in the low FRB (26km/h @ 100% 
overlap) impact, it was not certain if the airbag would deploy. For this reason, two 
simulation runs were conducted with and without airbag deployment. In reality, it is 
necessary to develop the numerical models with accurate detail to simulate more 
realistic predictions of the important crash conditions. Careful considerations were 
made in this study while developing baseline models; however if these models are to 
be applied in more diverse impact conditions, additional information such as restraint 
system behaviour and vehicle dynamic responses should be gathered through full 
scale and virtual crash tests. 
7.3.2.2 Occupant size 
To examine the impact of occupant sizes on injury outcome, the results from the 
simulations with three different sized dummies, under the similar EuroNCAP impact 
conditions were investigated. The dummies were placed in the standardised seat 
position i.e., the smaller female dummy was positioned in the foremost seat track 
position, the mid-sized male dummy in the middle seat track position and the larger 
male dummy in the rearmost seat track position. It was found that the kinematic 
behaviour and predicted injury risk of 5th and 95th percentile dummies was different 
from those of the commonly used 50th percentile dummy.This demonstrated that the 
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injury severity outcome generally increased with the dummy size in a similar impact 
condition. This finding is similar to Bosch-Rekveldt et al. (2005), who studied the 
injury risk pattern between three dummies in a similar crash condition using 
numerical simulations. 
A noticeable interaction in the parametric models predictions was the nature of 5th 
percentile dummy head contact with the airbag. Due to closer proximity with the 
steering wheel, the head of the 5th percentile dummy struck the deploying airbag. 
Though the interaction with the airbag occurred very soon after inflation, the 
acceleration of the dummy head during this phase was not very high. Due to this, it 
could not be clearly termed as ‘airbag slap’ effect. There were noticeably higher neck 
forces due to the unstable contact with the deploying airbag. A similar behaviour of 
the 5th percentile dummy and acceleration outcome was noticed by Hynd et al. (2011) 
in their sled test experiments. However, in the current study, the observed restricted 
motion of the 5th percentile dummy from the airbag had some positive effects in 
reducing the dummy accelerations. Early contact of the 5th percentile dummy thorax 
with the airbag reduced the concentrated seat belt loading time period. In fact, the 
seat belt peak load had not reached the maximum threshold of 4kN. This was similar 
to observations by Bosch-Rekveldt et al. (2005). The head and chest injury 
predictions of the smaller dummy were comparatively less than the 50th percentile 
dummy, which is to McCarthy et al. (2001). It is anticipated that this reduced injury 
risk to the 5th percentile dummy in the current study may be due to the dummy’s 
ideal initial seating posture. In reality, smaller female occupants are more likely to 
lean further forward (Bingley et al. 2005) and depending on the impact conditions 
the airbag may deploy later, increasing the possibility of severe injury outcome. 
Injury risks to the smaller dummy also depend on the restraint characteristics 
including airbag deployment time and airbag volume. For instance, Parenteau et al. 
(2013) reported high head injury risk to the 5th percentile dummy compared to the 
matched 50th percentile test. In the experiment conducted by Parenteau et al. (2013), 
the airbag was deployed at 58ms which is much later than the time considered in our 
research (25ms). Also, the size of the US airbag is usually larger than the European 
airbag, which could have resulted in harsher airbag-dummy contact, contributing to 
higher head injury outcome compared to this research. 
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The predicted chest and head injury risk of the 95th percentile dummy was higher 
compared to the other two dummies. The larger dummy possessed high kinetic 
energy due to higher body mass. Coupled with a seating position further back, the 
dummy experienced greater forward excursion and restraint forces. The dummy 
struck the airbag late in the simulations, resulting in more aggressive penetration of 
the dummy head in to the airbag. Also, high chest accelration and deflection were 
noticed due to late coupling of the dummy thorax with the airbag, resulting in higher 
concentrated loading from the seat belt. This suggests that a restraint system 
optimised for the 50th percentile dummy may not be effective for larger sized 
occupants, who generally tend to sit further away from the steering wheel. 
The main observation from this analysis was that, for a similar impact condition, 
injury outcome varies with occupant size. This predicted chance of higher injury risk 
to 5th percentile female and 95th percentile male in a frontal car crash compared to the 
average sized occupant is very much in agreement with McCarthy et al. (2001), who 
reported that greater injury risk is usually associated with older vehicle occupants, 
heavier taller males and smaller lighter females. If these predicted observations are 
consistent with expected behaviours in real accidents, then this emphasises the need 
to use different sized dummies in regulatory and consumer crash test programme to 
provide better safety for a full wide range of the population. 
7.3.3 Smart Load Limiter Adaptation Study 
The adaptation study was conducted to assess the injury reduction potential of 
varying load limiter values in selected impacts representing real world crash 
scenarios. The main goal is to improve the chest protection without increasing the 
injury risks to other body regions. The application of the smart system was tested by 
altering the SBL threshold by a few discrete selected settings. A 2, 3 and 6kN SBL 
was tested along with the baseline setting of 4kN in all selected impacts with three 
different sized dummies. Due to a less complete passenger airbag model, simulations 
were not performed with the smaller female dummy on the passenger side. In 
addition to the four single stage load limiters, two-stage load limiters were tested for 
the 50th percentile dummy in both seating positions. 
For the 50th percentile driver with low and mid severity crash pulses, the SBL 
threshold set at 2kN and 3kN respectively produced the best chest and overall injury 
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outcomes with safe dummy displacement. In both NCAP scenarios (high pulse), the 
higher belt payout with the 2kN SBL allowed the dummy to move further toward the 
steering wheel. In those cases, chest deflection was still lower with the 2kN 
compared to the 4kN SBL but peak chest acceleration was increased. If the dummy 
had displaced only a little further, it is likely that it would have bottomed out the 
airbag and struck the steering wheel, resulting in increased chest injury risk. This 
suggests that caution is needed when choosing a driver load limiter threshold below 
the baseline value in high speed impacts. The 4-2kN degressive SBL in the 
EuroNCAP impact kept the dummy excursion at a safe limit whilst avoiding 
unfavourable interactions of the chest with the airbag and steering wheel. With the 
USNCAP pulse, the excursion of the driver dummy with the baseline 4kN SBL was 
on the border of the safe zone (80mm from steering wheel). With the 6kN SBL, it 
was well within the safe zone but the predicted chest injury and injury risks to other 
body regions was much higher compared to the baseline SBL. For this reason, the 
baseline SBL was chosen as the best model for the USNCAP pulse. 
The 5th percentile dummy in the driver seat contacted the deploying airbag in all 
simulated impacts. This unstable contact with the airbag provided little scope to vary 
the SBL thresholds. This implies little scope exists to tune the SBL for smaller 
female occupants who tend to sit close to the steering wheel. From the low FRB 
simulations; it was found that deployment time of the airbag is very important for the 
shorter occupant, late deployment of the airbag as in this study induced an ‘airbag 
slap’ effect. One of the possible solutions to achieve load limiter variability for the 
short occupant is by reducing the airbag volume, thus increasing the dummy-airbag 
contact time. However, it may have negative effects on the other sized occupants. 
Adaptive airbags could vary the airbag size according to the occupant size. As 
reported in the literature, this technology could protect the 5th percentile female in the 
forward seated position (Hynd et al. 2011; Bosch-Rekveldt et al. 2005), without 
affecting the other occupant groups. For optimum use, such system should adapt for 
occupant size, weight, position inside the compartment and seat location as well as 
the crash severity. 
In this study, the 5th percentile female dummy (151cm in height) was positioned in 
the foremost seating position. This seating position may be further forward than the 
normal seating position adopted by smaller females. Indeed, the study conducted by 
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Welsh et al. (2003), reported the mean steering wheel to chest distance of smaller 
drivers (mean height: 154 cm) was 326mm, much greater than the distance used in 
this study (229mm). In such scenarios, the occupant may avoid contacting the 
deploying airbag. However, the effect of introducing more slack should be 
investigated in detail to understand the real scope of varying the SBL threshold for 
very short stature occupants. 
For the 95th percentile driver, with low crash pulses, the 2kN SBL provided the best 
injury outcome with permissible dummy excursions. The extra seat belt slack 
introduced by the 2kN SBL in the Mid impact and the 2 and 3kN SBL in the NCAP 
impacts resulted in excessive dummy forward excursion. This resulted in sharp peaks 
in the chest acceleration response due to stiff contact with the airbag and the steering 
wheel assembly. Load limiter thresholds may be switched to a low threshold in the 
Mid and NCAP scenarios by altering the airbag properties. By increasing the size of 
the airbag, the thorax can load the airbag much earlier in the crash, providing a 
longer period of restraint by the airbag and reducing the concentrated loading period 
from the seat belt. Larger volume airbags may also provide improved safety to other 
sized occupants who tend to sit farther away from the steering wheel. However, this 
could have worse effects on the smaller occupants or other sized occupants who sit 
closer to the steering wheel. Adaptive airbags with possible technology to vary the 
volume and/or deployment timing in addition to the smart load limiter can be a 
feasible approach to implement such a system. 
Simulations with the 50th percentile male dummy on the passenger side showed that 
the 2kN SBL models produced the best chest and overall injury scores (measured 
using Pjoint) in low severity impacts, whilst the 3kN SBL produced the best injury 
protection in Mid and EuroNCAP impacts with stable airbag loading. Compared to 
the 50th driver, there appeared to be more scope for the use of a load limiter less than 
4kN in a high pulse impact for the front passenger, due to more available ride-down 
distance. 
For the 95th percentile passenger, in low severity impacts, switching the SBL 
threshold to 2kN predicted low injury assessment values. With the 2kN SBL in the 
mid and NCAP impact scenarios, the amount of belt fed by the retractor had reached 
the maximum allowed amount of 400mm. This belt- spool out effect resulted in 
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greater head, neck and chest injury risk. A belt system with more belt spool may 
avoid such effect. But, greater excursion could increase the likely chance of increase 
in the dummy accelerations from an unstable airbag contact. 
In all simulated impacts, the predicted femur load was greater with a low SBL model. 
However, an increase in the risk of femur injury was negligible in all simulated crash 
scenarios. If the low SBL thresholds are to be used in the impacts with severe pulses 
or in impacts with considerable compartment intrusions, there is a necessity to 
implement countermeasures such as fitting knee bolsters or knee airbags to ensure 
that the protection of lower extremities is not compromised by the use of smart load 
limiters. 
Mertz and Dalmotas (2007) theoretically demonstrated that, employing a low load 
limiting threshold (2.5kN) would substantially reduce shoulder- belt induced AIS 3+ 
chest injuries in 99% percent of the frontal collisions to all adult front seat adult 
occupants with stronger bone strength. However, this research found that employing 
a low load limiting threshold in severe impacts may have detrimental effect due to 
possible high occupant excursion and subsequent contact with vehicle interiors. 
Simulations also showed that a high threshold SBL configuration such as 6kN load 
limiting or no load limiting at all are not good options for the 50th and 95th percentile 
occupants. Though the excursion of the dummy in high pulse impacts with 6kN or no 
load limiting configuration was within the allowable limit, there were no predicted 
injury benefits for occupants. For this reason, in the real world, the load limiting 
values should be chosen according to the crash needs. This illustrates the trade-off 
issues between a) a low load limiting threshold to reduce occupant restraint loads and 
forward excursion with possible hard contact on interior structures and b) a high load 
limiting threshold to reduce occupant forward excursion and higher chest injury 
outcome due to higher concentrated seat belt loading. 
The lack of protection offered to older vehicle occupants by restraint systems tested 
under current regulatory requirements was documented through literature search and 
accident data analysis. Before adjusting for age effects, the chest injury outcomes in 
all impact simulations were below the regulatory requirements. When factoring in 
the effects of occupant age, however, the calculated AIS 2+ chest injury risk in all 
simulated scenarios predicted a greater level of an injury risk to older occupants 
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compared to their younger counterparts. In fact in Mid and NCAP scenarios, the AIS 
2+ chest injury risk for older occupants using the baseline SBL was greater than the 
chest injury risk corresponding to the maximum allowable chest deflection value 
(50mm) for the standard dummy in European regulatory tests. In the low severity 
impacts, the AIS 2+ chest injury risk for older drivers with baseline SBL was almost 
50%.This clearly highlights the shortcomings of traditional single point restraint 
systems and, in general, the use of a non-age related injury limit in crash test 
procedures. In an ideal scenario, the vehicle restraints should provide equal 
protection to occupants of different ages and such systems would consider the effect 
of ageing on injury tolerance. The adaptive system studied showed its potential 
capability to reduce the chest injury risk particularly in low severity impacts, the real 
world scenario where the number of chests injured older occupants was highest. The 
inclusion of a low speed impact with a lower chest injury requirement in regulatory 
testing could address this issue by encouraging manufacturers to adopt variable 
restraints. The inclusion of such tests may have benefits in Europe, particularly 
because vehicle structures are generally encouraged to be “stiff” by the offset test 
requirements. It is not clear however if great gains could be achieved with a smarter 
load limiter in severe impact scenarios, where benefits have not been found in this 
analysis, nor and in impacts with passenger compartment intrusion. 
The simulations showed the injury mitigation capability of two stage load limiters in 
some severe impact scenarios, where varying the single stage load limiter did not 
provide an injury benefit. More investigation could be performed to test the 
capability in wider crash scenarios. Indeed, such analyses with 5th and 95th percentile 
dummies were not carried out in this study. 
It should also be noted that only a few discreet load limiter settings were tested in 
this research. In reality, numerous load limiter settings can be adapted between and 
away from these selected values. Continuous variable load limiting is one way of 
achieving this infinite setting, but most of those continuously adaptive systems are in 
a concept stage (Miller 1996; Paulitz 2005; Wang & Zhou 2009) and there is no 
knowledge of such a physical system existing. To extend the benefit of adaptive 
restraints to higher severity scenarios and for occupants seated near the steering 
wheel, some degree of variations in the airbag such as varying the inflator output, 
airbag shape, rate of venting or multistage deployment is necessary. In reality, there 
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are also possibilities for varying the other seat belt characteristics such as 
pretensioner load level or pretensioning time and the rate of seat belt pay-out. These 
were not taken into account. This implies that unlike traditional ‘one size fits all’ 
restraints, there is much greater scope for the smart system to cater for wider 
accident scenarios. 
In general, the findings reported in this study suggest that, by knowing the impact 
severity and occupant seating position, adaptive load limiters can potentially reduce 
the chest injury risk particularly in low severity crash conditions for occupants who 
generally tend to sit away from the steering wheel. Little additional scope existed in 
certain impact conditions, where tailoring the response of the load limiter alone has 
limited or no potential benefits. Especially, varying the load limiters had no benefit 
in high speed impacts. These findings are consistent with the load limiter adaptation 
studies reported in the literature (Kitagawa & Yasuki 2013; Hynd et al. 2012) where 
lowering the seatbelt load limit in the high speed impacts increased chest injury 
caused by steering wheel contact. The load limiter in this study was set at a baseline 
level (4kN) where no improvement from the smart system was noticed. However, in 
the high speed impacts, the benefit could be achieved in the real world by 
encouraging the manufacturers to improve the vehicle structure and/or the restraint 
systems of lower performing vehicles. 
During development of the baseline models, a number of assumptions were made, in 
order to simplify the model development process. For example, the baseline model 
was developed with only the necessary interior components, forming important 
interaction points in frontal impacts, so doors and A- pillars were not modelled. 
However, this had limited impact because most of the selected crash pulses were a 
head on collision and the chance of occupant contacting those structures is less. 
The seat was adapted from the MADYMO frontal application model, which was 
formed by two simple rectangular planes without head restraints. The cushion 
properties and basic seat geometry such as the angle of the seat pan and the seat back 
were from the reference seat models. However, it may not replicate the exact 
geometry of a real modern seat. The airbag is an important restraint feature for the 
protection of occupants in frontal impacts. The airbag model was adapted from the 
MADYMO library, and it was a generic model. Modern airbags include 
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advancements in inflator characteristics, airbag shape, fabric type, stitching and 
folding characteristics. These are influential in determining the airbag interaction 
with the occupant and eventually the injury outcome. Such advanced characteristics 
of the airbag and its effects were not examined and can be considered for future work. 
In this study, simulations were conducted for 135ms, effectively analysing the 
occupant’s forward excursion and their interaction with the restraints. However, the 
interaction of the occupant with the seat during the airbag rebound phase was not 
investigated. This could be considered for future work by using detailed seat models 
and performing longer simulations. 
Further work could consider the effect of adaptable SBLs under intrusion conditions 
possibly complemented by variable airbag volume and deployment timing to 
enhance the scope for load limiting of the belt. Optimal tuning of the airbag to the 
load limiter characteristics could allow improved protection across a wider range of 
frontal crashes. 
Crash test dummies were used in this study, but they are less biofidelic and exhibit 
less excursion compared to human body models (Hynd et al. 2012; Bosch-Rekveldt 
et al. 2005). This raises a concern that the restraints in this study may have been 
optimised for the response of dummies and not humans. The effect of this limitation 
was, however, limited in this study by deliberately not selecting the load limiters 
which had displaced the dummy very close to the vehicle interiors as the best model. 
7.4 Real world Injury Benefit 
The real world benefit of a smart/variable load limiter was calculated by applying 
simulation results to the real world data sample. Injury risk curves are used to 
convert the dummy responses in to likely AIS injury risk. An age-dependent AIS 2+ 
chest injury risk curve was developed and validated using the data available from the 
literature. The AIS 2+ injury risk in each simulated impact was then estimated by 
applying the chest deflection measured from the dummy in the developed chest 
injury risk curve. 
Simulated injury risks by occupant age, occupant size and crash configuration were 
matched to occupant age, occupant size and crash configuration in the real world 
impacts. In the absence of thoracic deformation detail from injured occupants, it was 
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assumed that the predicted baseline chest injury risk from the simulations 
corresponded to the real world chest injury risk and moreover, that the relative 
reduction in the chest injury risk through best load limiter selection in the simulation 
would reduce the real world chest injury risk by a similar amount. For crashes not 
matched to the simulations, it was assumed that the real world chest injury risk 
would remain the same. In other words, the load limiting threshold would not change. 
The results showed that if all the vehicles in the sample studied had been equipped 
with smart load limiters able to adapt to the best setting for crash configuration and 
occupant type, then 33% of the front seat occupants who had previously sustained 
AIS 2+ chest injury from the seat belt would have sustained a lower chest injury AIS 
score. Additionally, the rate of AIS 2+ seat belt chest injury in frontal crashes would 
have reduced to 8.6% from the actual accident rate of 13.1% for older occupants. For 
young and middle-aged occupants, the corresponding chest injury rate would have 
reduced to 0.9% and 5.0% from their actual accident injury rate of 1.3% and 7.6% 
respectively. This finding shows a clear indication of chest injury reduction benefit 
across all age groups when the load limiter characteristics are varied. This suggests 
that employing a smart load limiter would not only benefit the older occupants but 
also the middle aged and young occupants. The benefit does appear to be most 
pronounced for older occupants, since the older population is more vulnerable to a 
chest injury. As the older population of car users is rapidly rising, the benefits of 
smarter systems can only increase in the future. 
Employing a low threshold SBL in low severity impacts was found to have 
substantial benefit for occupants in all age groups. Therefore, the sensory inputs 
considered by a smart load limiter can include: a) seat belt use, b) impact severity, c) 
occupant seat track position, d) OOP situations and e) Occupant weight/ 
classification. In addition to this information, a more advanced system may also 
consider biomechanical injury tolerance of an occupant, measured based on the 
skeletal strength. A bone scanning device studied by the BOSCOS project can be a 
possible approach to implement such advanced smart load limiting system. 
Representing real world impacts with a limited number of simulations or crash tests 
always involves assumptions and compromises due to the wide variation in real 
world crashes. Injury outcome with real people depends on occupant age, state of 
health, size, seating position and seating posture. There is a large variation in crashes 
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in terms of speed, impact angle, overlap with struck object and type of struck object. 
Even for the same impact configuration, the crash pulse will vary due to the 
particular force deflection characteristics of individual vehicles, and occupant injury 
outcome will vary depending on individual restraint system performance parameters. 
The biofidelity of ATDs and the accuracy of risk assessment functions also come 
into play. When matching simulations with real world impacts, as many variables as 
possible were considered given the limited availability of simulated crash pulses and 
data available from real crashes. Even so, there was not a direct match between chest 
injury risk in baseline simulations and in equivalent real world crashes, although the 
order in which the predicted risk increased by simulated impact configuration was 
generally mirrored in the real crashes. More simulated crash configurations and more 
accident data would have allowed a greater tuning of simulations to real world 
crashes and this is recommended for future work. 
An injury risk function was used in this study to convert chest injury criteria from 
simulations into an AIS 2+ chest injury severity risk for real occupants. The function 
was validated based on US real world data (1995-1997) considered by Laituri et al. 
(2005). Future enhancement of the function could involve validating the developed 
injury risk curves with more recent data and possibly with the European real world 
accident data. It was found earlier that, for a similar impact scenario, chest injury risk 
varies with gender. Therefore developing an age and gender based chest injury risk 
curve would further improve the accuracy of chest injury risk estimation. 
The benefits calculations in this study assumed that all vehicles in the accident 
sample were fitted with a baseline 4kN SBL although the type of SBL was not 
recorded in the accident data. Earlier load limiters may have been set as high as 6kN 
but simulations of the most common low pulse crashes showed the minimal 
difference in shoulder belt loads using a 4 or 6kN SBL. In that respect, the impact of 
not knowing the SBL threshold in the real world sample is likely to be minimal. 
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Chapter 8 Conclusion and Future Work 
8.1 Introduction 
This chapter brings together the main conclusions of the research reported in this 
thesis. Recommendations for future work are also presented as a guide for further 
development of a smart restraint system. 
8.2 Conclusions 
The motivation for this research originated from the need to improve occupant 
protection in a wider range of frontal impact scenarios than those assessed in crash 
testing. The optimisation of the restraint system for one particular crash and occupant 
type may not provide optimum protection to occupants in the real- world. Better 
protection could be achieved by varying the deployment characteristics of the 
restraint systems according to the occupant and crash needs. Using smart/adaptive 
restraint technology is a strategy to utilise the full capability of the restraint system in 
order to improve occupant protection. Some studies have demonstrated the potential 
benefit of smart restraints but were confined to limited crash conditions and/or did 
not estimate the benefits in terms of real world injury mitigation. The research 
reported here aimed to address the shortcomings of the previous studies. 
The major conclusions and the research questions associated with them are 
summarised. 
RQ 1 What is the effect of occupant and crash characteristics on injury severity 
outcome in real world accidents? 
• Age is one of the main factor affecting injury severity outcomes in frontal 
crashes. 
• For the belted front seat occupants, the chest is the most frequently injured 
body regions in frontal collisions. 
• Injuries to the chest region are the most significant cause of life threatening 
injuries in frontal impacts. 
• Older front seat occupants are more prone to serious chest injuries in frontal 
crashes compared to their younger counterparts. 
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• A majority of elderly vehicle occupants sustain seat belt induced serious chest 
injuries in low and moderate severity impacts. 
• Introducing a low speed frontal impact test with a lower chest injury 
threshold may produce chest injury casualty gains. 
RQ 2 What is the best method to assess the potential effectiveness of smart load 
limiters? 
• A generic baseline driver and passenger side compartment models were 
developed using MADYMO software. 
• The models were validated by comparing the simulated results with the 
available real world data and validated models. 
• The validated baselines models were adapted to accommodate different sized 
dummies. 
• Crash scenarios were selected from the real world data to cover as wide range 
of frontal crash conditions as possible.  
• A series of 228 parametric tests was defined. 
RQ 3 Do smart load limiters produce injury benefits in all crash scenarios, and 
where are they not effective?  
• For both 50th and 95th percentile front seating occupants (driver and passenger) 
in low severity impacts, the 2kN load limiter provided the best chest injury 
protection, without increasing the risk to other body regions. 
• In severe impacts, the low load limiting option allowed the dummy to move 
further towards the front facia, thus increasing the chance of occupant hard 
contact with the vehicle interiors. 
• Lowering the SBL showed no injury risk reduction for the 5th percentile 
driver, who tends to sit closer to the steering wheel. 
• Using SBL threshold below baseline value (4kN) may reduce the chest injury 
risk to the front seat passengers in EuroNCAP type impacts. This is not the 
case for drivers. 
• A smart load limiting system can provide real world chest injury benefit for 
occupants of all age groups. 
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RQ 4 What is the real world injury benefit of smart load limiters? 
• For the head, abdomen and femur body regions, injury risk curves available 
in literature are used to convert the simulation results in to AIS injury risk for 
those body regions. 
• An age-dependent AIS 2+ chest injury risk curve was developed to estimate 
chest injury risk from chest compression value. 
• It was found that, if the vehicles in the accident sample were fitted with the 
smart load limiters, the risk of sustaining an AIS 2+ seat belt injury would 
have reduced from 1.3% to 0.9% for younger front seat occupants, 7.6% to 
5.0% for middle aged front seat occupants and 13.1% to 8.6% for the older 
front seat occupants. 
• The greatest injury reduction benefits were seen at lower crash severities. 
This finding is important since most real world crashes occur at lower speeds. 
• These results imply that cars can be made safer with the development of 
smarter restraint systems, especially for older users who are more vulnerable 
to serious chest injury and whose numbers are rapidly increasing. 
8.3 Future Work 
Numerical simulations proved to be a useful tool to conduct the parametric occupant 
crash safety analysis. A generic model occupant compartment model was developed 
for this thesis and was used to study the benefit of smart restraints. The numerical 
model could be developed further to improve the accuracy of the model predictions. 
Accurate vehicle geometry and interiors can be developed using 3-D measuring and 
computational meshing techniques. In addition to the small family car, vehicle 
compartments representing other vehicle classes like ‘mini’ and ‘MPV’ could also be 
developed and included in the parametric optimisation study to better represent the 
real world automotive vehicle segments. A more detailed occupant compartment 
model would give a more realistic representation of the occupant interactions within 
the compartment. 
Crashes pulses representing other less frequent frontal impacts such as a) oblique 
frontal impacts, b) small overlap frontal impacts and c) ‘mid’ overlap impacts could 
be included in the parametric study to assess the impact of varying restraint 
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deployment in such scenarios. However, accessing those crash pulses could be 
difficult and may need collaboration with industry or with the motor manufactures.  
In addition to the load limiter thresholds, the inclusion of variations in the airbag 
characteristics such as multistage deployment and pretensioner characteristics 
including dual pretensioners and pre-pretensioning would be a progressive step for 
future analysis. 
One of the obvious considerations for future study is to assess the effectiveness of 
smart restraints for the 5th percentile occupant in the passenger seat. Also, in real 
world scenarios, the occupant’s seat track position and posture can vary widely. To 
assess the impact of such variations, future parametric optimisation studies should 
account for the naturalistic seating positions of occupants. Such details could be 
collected through an anthropometric data collection study. In addition to the seat 
track position and postures, adjustments to the steering wheel by the driver may also 
need to be considered. 
The smart load limiter adaptation study showed the potential benefit of employing 
two stage load limiters for the 50th percentile dummy. However, it was not tested for 
the small and large dummies. Future studies could analyse the benefit of the dual 
stage load limiters for the non-50th percentile occupant groups. 
Differences in the behaviour of dummy and humans are well documented. A further 
consideration could be to replace the Hybrid III dummy with the most advanced 
dummies like Thor or human body models to simulate the interactions and the injury 
outcomes of humans in a crash.  
Future work could also consider inclusion of realistic dynamic movement of the 
steering wheel and compartment intrusions and their effect on occupant restraint 
interaction and injury outcome could also be studied in detail with such detailed 
simulations. This would necessitate the collection of additional information about 
vehicle intrusion from the crash tests or numerical tests. 
Most modern vehicles still utilise very basic 3-point belts in the rear seat without 
pretensioners or load limiters. Future analysis assessing the benefit of advanced 
restraints with and without smart capability could be performed to highlight the need 
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for such systems in rear seats where the seat belt undertakes all the required restraint 
in the absence of a facia and airbag to help prevent forward occupant excursion. 
The estimation of potential cost benefit of the smart restraint system could be 
considered in a future study. Methods such as ‘willingness to pay’ or ‘harm’ analysis 
could potentially be used for such analysis. In addition to the injury mitigation, this 
analysis will also provide the cost reduction benefits of such a system to an 
individual and societal level.  
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Appendix 1 Baseline Model Validation 
 
Table A- 1 Attributes of the Selected Real World Car Sample from the NHTSA Frontal Crash Test Reports 
S.No. 
Make and 
Model 
Year Vehicle type 
Steering 
Wheel 
Angle (deg) 
Steering 
Column 
Angle (deg) 
Head to 
Windshield 
(mm) 
Nose to 
Rim 
(mm) 
Chest to 
Steering 
Hub (mm) 
Rim to 
Abdomen 
(mm) 
Pelvic 
Angle 
(mm) 
1 
Hyundai 
Accent 
2010 
3 door 
Hatchback 
65.7 24.3 570 451 335 201 23.4 
2 
Chevrolet 
Volt 
2011 
5 door 
Hatchback 
68.5 21.5 803 426 347 239 24.7 
3 Ford Focus 2012 
5 door 
Hatchback 
67.5 22.5 775 401 349 209 24.1 
4 Nissan Leaf 2013 
5 door 
Hatchback 
64 26 653 388 292 168 20.3 
5 
Honda 
Insight 
2010 
4 door 
hatchback 
71.3 18.7 738 356 287 197 23.5 
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Appendix 2 Sensitivity Study Results 
Table A- 2 Injury Predictions from the Sensitivity Study. 
Restraint Parameter Setting HIC Nij Neck Ext. (Nm) Chest Comp. (mm) VC (m/s) CTI 
Baseline  593 0.28 7.78 36.2 0.16 0.80 
MFR (kg.s-1)  
0.5 3626 0.76 57.3 30.5 0.10 0.89 
0.75 842 0.26 25.0 36.0 0.11 0.86 
0.9 680 0.29 14.8 36.6 0.13 0.81 
1.1 527 0.26 7.9 34.6 0.12 0.76 
1.25 513 0.26 8.2 34.5 0.14 0.75 
1.5 470 0.26 8.8 34.4 0.15 0.76 
 3.4 570 0.27 7.2 35.5 0.15 0.77 
DPEX (kPa) 
3.5 585 0.27 7.3 35.9 0.15 0.78 
3.8 620 0.29 8.4 36.6 0.16 0.80 
4 675 0.30 10.5 37.2 0.16 0.82 
5 826 0.30 14.9 38.4 0.16 0.84 
Permeability 
0 579 0.28 7.0 36.8 0.15 0.79 
0.01 582 0.28 7.2 36.5 0.17 0.79 
0.025 604 0.30 9.7 36.6 0.15 0.80 
0.035 602 0.28 13.1 36.8 0.16 0.79 
0.05 642 0.27 17.9 36.2 0.15 0.82 
Airbag Deployment 
Time (ms) 
15 591 0.32 6.5 37.1 0.13 0.80 
20 585 0.30 7.1 36.7 0.15 0.80 
25 593 0.28 7.8 36.5 0.16 0.80 
33 560 0.26 7.9 35.2 0.15 0.78 
45 517 0.24 9.4 34.0 0.17 0.75 
Initial belt pay-out 
(mm) 
10 598 0.28 7.5 37.1 0.14 0.81 
30 593 0.28 7.8 36.5 0.16 0.80 
50 618 0.28 6.9 37.8 0.14 0.82 
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Appendix 3 Baseline Injury Prediction 
Table A- 3 Baseline Driver Model Predictions in the EuroNCAP Impact 
 
 
  Driver Passenger 
  Value Rating  Points HEAD       Peak resultant acceleration - g 60.50 4.00 53.00 4.00 
HIC36 571.00   444.00   
Resultant Acc. 3 msec exceedence - g 59.64   50.94   
Unstable airbag contact, Bottoming out or 
Hazardous deployment (-1)  0.00  0.00 
Steering wheel displacement (-1) mm 0.00 0.00    Incorrect airbag deployment  0.00  0.00 Head Assessment  4.00  4.00          NECK       NIJ 0.27   0.28   
Pos Shear level exceeded - kN 0.57 4.00 0.00 4.00 
duration of exceedence - ms 0.00   0.00   
Neg Shear level exceeded – kN 0.41 4.00 0.67 4.00 
duration of exceedence - ms 0.00   0.00   
Tension level exceeded – kN 0.79 4.00 1.01 4.00 
duration of exceedence - ms 0.00   0.00   
Extension - Nm 11.75 4.00 7.66 4.00 
Neck Assessment  4.00  4.00         Head and Neck Assessment  4.00  4.00 
       CHEST       Compression - mm 36.00 2.00 32.80 2.46 
Viscous criterion - m/s 0.14 4.00 0.11 4.00 
Steering wheel contact (-1)   0.00  0.00 A-Pillar displacement (-2) mm  0.00  0.00 Unstable passenger compartment (-1)  0.00  0.00 Shoulder belt load - kN 5.25   5.20   
Chest Incorrect Airbag Deployment Modifier  0.00  0.00 Chest Assessment  2.00  2.46 
       KNEE and FEMUR        Left Knee Slide - mm 0.70 4.00 1.80 4.00 
Left Femur Compression level exceeded - kN 0.10 4.00 0.70 4.00 
duration of exceedence - ms 0.00   0.00   
Variable contact (-1)   0.00  0.00 Concentrated loading (-1)   0.00  0.00 Incorrect airbag deployment  0.00  0.00 Left Knee, Femur and Pelvis Assessment   4.00   4.00 
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Right Knee Slide - mm 8.50 2.91 6.00 3.98 
Right Femur Compression level exceeded - 
kN 2.16 4.00 1.69 4.00 
duration of exceedence - ms 0.00   0.00   
Variable contact (-1)   0.00  0.00 
Concentrated loading (-1)   0.00  0.00 
Incorrect airbag deployment  0.00  0.00 
Right Knee, Femur and Pelvis Assessment  2.91  3.98 
        
Knee, Femur and Pelvis assessment  2.91  3.98 
        
LOWER LEG       
Left Upper Tibia Index  0.32 4.00 0.41 3.94 
Left Lower Tibia Index 0.15 4.00 0.13 4.00 
Left Tibia Force Component (kN) 1.28 4.00 3.15 3.23 
Accel pedal vertical (-1) mm No data 0.00    
Left Lower Leg assessment  4.00  3.23 
        
Right Upper Tibia Index  0.29 4.00 0.76 2.38 
Right Lower Tibia Index 0.26 4.00 0.25 4.00 
Right Tibia Force Component (kN) 1.73 4.00 3.62 2.92 
Accel pedal vertical (-1) mm No data 0.00    
Right Lower Leg assessment  4.00  2.38 
        
FOOT and ANKLE       
Clutch pedal horizontal displacement - mm No data No data     
Footwell Rupture (-1)  0.00     
Pedal Blocking (-1)  0.00     
Foot and Ankle assessment  
No rating 
possible    
        
Lower Leg, Foot and Ankle assessment  4.00  4.00 
        
SUMMARY       
Head and Neck assessment  4.00  4.00 
Chest assessment  2.00  2.46 
Knee, Femur and Pelvis assessment  2.91  3.98 
Lower Leg, Foot and Ankle Assessment  4.00  2.38 
        
TOTAL  12.91  12.82 
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Appendix 4 50th Percentile Driver Simulation Results 
 
 
a) Low FRB    b) Low FRB (No Airbag) 
 
c) Low ODB     d) Mid 
 
e) EuroNCAP     f) USNCAP 
Figure A- 1 Head resultant acceleration time history curves- 50th percentile driver
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a) Low FRB    b) Low FRB (No Airbag) 
 
 
              c) Low ODB      d) Mid 
 
 
            e) EuroNCAP    f) USNCAP 
Figure A- 2 Chest resultant acceleration time history curves- 50th percentile driver
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a) Low FRB    b) Low FRB (No Airbag) 
 
 
c) Low ODB     d) Mid 
 
 
e) EuroNCAP     f) USNCAP 
Figure A- 3 Retractor belt force time history curves- 50th percentile driver
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Table A- 4 50th Percentile H3 Driver Injury Predictions with single stage SBL 
Pulse LL 
Airbag 
Fire 
Time  
Preten. 
fire time  
Head Neck Chest  Femur 
Peak 
Acc. 
(g) 
HIC36 3ms (g) Nij 
Neck 
Ext. 
(Nm) 
Chest 
Comp. 
(mm) 
VC (m/s) CTI 
LH Femur 
Comp 
excee. (kN) 
RH Femur 
Comp excee. 
(kN) 
26km/h FRB 
2kN 45ms 15ms 44.30 103 38.58 0.19 8.14 22.9 0.07 0.45 0.11 1.73 
3kN 45ms 15ms 46.42 134 43.50 0.20 8.52 27.5 0.07 0.52 0.08 0.85 
4kN 45ms 15ms 47.66 146 43.84 0.19 8.75 28.4 0.09 0.53 0.08 0.74 
6kN 45ms 15ms 49.29 147 44.60 0.18 9.10 28.1 0.10 0.52 0.07 0.65 
26km/h FRB 
(No Airbag) 
2kN No 15ms 18.68 38 18.65 0.15 8.41 18.5 0.05 0.40 0.11 1.75 
3kN No 15ms 23.29 54 23.11 0.19 8.52 25.0 0.06 0.50 0.08 0.86 
4kN No 15ms 24.05 61 23.90 0.21 8.75 26.5 0.06 0.51 0.08 0.72 
6kN No 15ms 49.54 64 24.43 0.21 9.10 26.5 0.05 0.51 0.07 0.62 
40km/h 
ODB 
2kN 38ms 15ms 39.21 145 37.08 0.20 8.75 23.1 0.05 0.45 0.12 1.04 
3kN 38ms 15ms 41.28 196 39.73 0.18 7.06 28.2 0.08 0.50 0.09 0.59 
4kN 38ms 15ms 42.22 199 40.29 0.18 7.19 29.5 0.07 0.51 0.09 0.44 
6kN 38ms 15ms 42.22 200 40.55 0.18 7.46 29.8 0.09 0.51 0.09 0.34 
56km/h 
ODB 
2kN 28ms 15ms 50.98 391 50.04 0.23 19.68 26.1 0.07 0.66 0.12 2.23 
3kN 28ms 15ms 52.35 399 51.54 0.24 9.41 30.0 0.10 0.69 0.10 2.02 
4kN 28ms 15ms 58.51 428 55.32 0.27 7.84 34.2 0.11 0.73 0.09 2.05 
6kN 28ms 15ms 64.92 527 61.82 0.28 7.69 43.4 0.15 0.87 0.09 1.99 
EuroNCAP 
2kN 25ms 15ms 59.70 560 58.32 0.28 27.58 28.3 0.08 0.74 0.15 2.30 
3kN 25ms 15ms 62.67 568 61.13 0.25 16.13 32.5 0.09 0.78 0.11 2.03 
4kN 25ms 15ms 60.50 571 59.64 0.27 11.75 36.0 0.14 0.81 0.10 2.16 
6kN 25ms 15ms 70.74 675 67.50 0.30 8.25 47.3 0.21 0.94 0.08 2.19 
USNCAP 
2kN 15ms 15ms 80.81 841 79.90 0.36 12.61 28.0 0.13 0.86 0.16 2.93 
3kN 15ms 15ms 83.03 839 80.25 0.26 14.60 30.4 0.14 0.85 0.08 2.82 
4kN 15ms 15ms 85.11 922 83.44 0.26 14.84 35.2 0.24 0.92 0.08 2.59 
6kN 15ms 15ms 86.65 948 85.25 0.30 16.00 45.6 0.25 1.09 0.08 2.48 
No  15ms 15ms 91.25 1061 88.95 0.33 16.50 55.1 0.30 1.25 0.08 2.46 
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Appendix 5 50th Percentile Driver Dual stage SBL Simulation 
Results 
  
a) Low FRB    b) Low FRB (No Airbag) 
 
  
c) Low ODB     d) Mid 
 
  
e) EuroNCAP     f) USNCAP 
Figure A- 4 Retractor belt force time history curves- 50th percentile driver with dual stage 
SBLs. 
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HIC outcome     Nij Outcome      CTI outcome 
 
 
Chest Compression Outcome    Femur Force Criterion Outcome 
 
Figure A- 5 50th percentile driver injury predictions 
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Appendix 6 5th Percentile Driver Simulation Results 
 
 
a) Low FRB    b) Low FRB (No Airbag) 
 
c) Low ODB     d) Mid 
 
e) EuroNCAP     f) USNCAP 
Figure A- 6 Head resultant acceleration time history curves- 5th percentile driver
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a) Low FRB    b) Low FRB (No Airbag) 
 
 
c) Low ODB     d) Mid 
 
 
e) EuroNCAP     f) USNCAP 
Figure A- 7 Chest resultant acceleration time history curves- 5th percentile driver
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a) Low FRB         b) Low FRB (No Airbag) 
 
  
c) Low ODB              d) Mid 
 
  
e) EuroNCAP     f) USNCAP 
 
Figure A- 8 Retractor belt force time history curves- 5th percentile driver 
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HIC outcome     Nij Outcome      CTI outcome 
 
 
Chest Compression Outcome    Femur Force Criterion Outcome 
 
Figure A- 9 5th percentile driver injury predictions 
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Appendix 7 95th Percentile Driver Simulation Results 
 
a) Low FRB    b) Low FRB (No Airbag) 
 
c) Low ODB     d) Mid 
 
e) EuroNCAP     f) USNCAP 
Figure A- 10 Head resultant acceleration time history curves- 95th percentile driver
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a) Low FRB    b) Low FRB (No Airbag) 
 
 
c) Low ODB     d) Mid 
 
 
e) EuroNCAP     f) USNCAP 
Figure A- 11 Chest resultant acceleration time history curves- 95th percentile driver
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a) Low FRB    b) Low FRB (No Airbag) 
 
 
c) Low ODB     d) Mid 
 
 
e) EuroNCAP     f) USNCAP 
 
Figure A- 12 Retractor belt force time history curves- 95th percentile driver
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HIC outcome     Nij Outcome      CTI outcome 
 
 
Chest Compression Outcome    Femur Force Criterion Outcome 
 
Figure A- 13 95th percentile driver injury predictions 
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Appendix 8 50th Percentile Passenger Simulation Results  
 
 
a) Low FRB    b) Low FRB (No Airbag) 
 
 
c) Low ODB     d) Mid 
 
 
e) EuroNCAP     f) USNCAP 
Figure A- 14 Retractor belt force time history curves- 50th percentile passenger
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HIC outcome     Nij Outcome      CTI outcome 
 
Chest Compression Outcome    Femur Force Criterion Outcome 
 
Figure A- 15 50th percentile passenger injury predictions 
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Appendix 9 95th Percentile Passenger Simulation Results  
 
 
a) Low FRB    b) Low FRB (No Airbag) 
 
 
c) Low ODB     d) Mid 
 
 
e) EuroNCAP     f) USNCAP 
Figure A- 16 Retractor belt force time history curves- 95th percentile passenger
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HIC outcome     Nij Outcome      CTI outcome 
 
Chest Compression Outcome    Femur Force Criterion Outcome 
 
Figure A- 17 95th percentile passenger injury predictions 
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Appendix 10 Development of AIS 2+ Chest Risk Curve 
Table A- 5 Dataset 1 Laituri et al. (2005) 
Age UC NRF AIS3+ AIS2+ 
47 0.341 8 1 1 
17 0.354 0 0 0 
86 0.251 2 0 0 
69 0.298 17 1 1 
60 0.291 3 0 0 
59 0.354 4 0 1 
71 0.3 7 1 1 
67 0.363 6 0 1 
83 0.284 4 0 1 
70 0.301 18 1 1 
72 0.095 0 0 0 
72 0.228 4 0 1 
71 0.144 0 0 0 
71 0.361 10 1 1 
40 0.113 0 0 0 
40 0.306 1 0 0 
60 0.271 6 0 1 
64 0.118 0 0 0 
64 0.261 6 0 1 
43 0.118 0 0 0 
43 0.287 3 0 0 
63 0.102 0 0 0 
63 0.252 2 0 0 
63 0.121 0 0 0 
63 0.274 10 1 1 
61 0.296 9 1 1 
45 0.71 29 1 1 
34 0.366 4 0 1 
68 0.437 25 1 1 
67 0.406 17 1 1 
51 0.422 13 1 1 
55 0.552 20 1 1 
69 0.362 11 1 1 
66 0.342 5 0 1 
58 0.369 6 0 1 
63 0.267 1 0 0 
58 0.238 2 0 0 
50 0.282 0 0 0 
54 0.414 6 0 1 
57 0.23 0 0 0 
69 0.25 4 0 1 
72 0.34 11 1 1 
57 0.28 0 0 0 
40 0 4 0 1 
70 0.11 0 0 0 
46 0.12 0 0 0 
55 0.28 3 0 0 
69 0.32 3 0 0 
59 0.36 13 1 1 
69 0.35 4 0 1 
29 0.35 0 0 0 
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Age UC NRF AIS3+ AIS2+ 
63 0.408 14 1 1 
58 0.37 9 1 1 
67 0.24 0 0 0 
67 0.261 0 0 0 
67 0.304 0 0 0 
67 0.31 0 0 0 
73 0.171 0 0 0 
73 0.219 0 0 0 
79 0.137 0 0 0 
79 0.109 0 0 0 
79 0.173 0 0 0 
79 0.448 24 1 1 
85 0.163 0 0 0 
85 0.146 0 0 0 
85 0.171 0 0 0 
85 0.147 0 0 0 
85 0.424 8 1 1 
80 0.124 0 0 0 
80 0.133 0 0 0 
80 0.105 0 0 0 
80 0.162 0 0 0 
80 0.409 22 1 1 
55 0.191 0 0 0 
55 0.217 0 0 0 
55 0.202 0 0 0 
55 0.266 27 1 1 
58 0.115 0 0 0 
58 0.078 0 0 0 
58 0.116 0 0 0 
58 0.337 8 1 1 
71 0.23 0 0 0 
71 0.143 0 0 0 
71 0.197 0 0 0 
54 0.138 0 0 0 
54 0.147 0 0 0 
54 0.147 0 0 0 
54 0.205 1 0 0 
79 0.118 0 0 0 
79 0.103 0 0 0 
79 0.128 0 0 0 
79 0.146 0 0 0 
79 0.218 12 1 1 
79 0.145 0 0 0 
79 0.146 0 0 0 
79 0.146 0 0 0 
79 0.1 0 0 0 
63 0.181 0 0 0 
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Age UC NRF AIS3+ AIS2+ 
63 0.151 0 0 0 
54 0.159 0 0 0 
54 0.155 0 0 0 
54 0.199 0 0 0 
54 0.356 6 0 1 
71 0.142 0 0 0 
71 0.164 0 0 0 
71 0.142 0 0 0 
75 0.201 0 0 0 
75 0.194 0 0 0 
75 0.135 0 0 0 
75 0.248 11 1 1 
67 0.145 1 0 0 
47 0.183 4 0 1 
57 0.315 16 1 1 
67 0.157 3 0 0 
48 0.328 6 0 1 
61 0.321 0 0 0 
59 0.329 9 1 1 
64 0.315 10 1 1 
46 0.31 0 0 0 
69 0.397 0 0 0 
66 0.431 10 1 1 
60 0.377 0 0 0 
65 0.486 9 1 1 
75 0.257 3 0 0 
49 0.407 7 1 1 
46 0.407 8 1 1 
65 0.394 3 0 0 
68 0.39 4 0 1 
66 0.269 9 1 1 
53 0.373 4 0 1 
72 0.371 6 0 1 
69 0.37 10 1 1 
66 0.35 6 0 1 
60 0.289 17 1 1 
83 0.325 11 1 1 
67 0.42 14 1 1 
81 0.444 12 1 1 
76 0.43 6 0 1 
80 0.393 9 1 1 
78 0.418 14 1 1 
19 0.375 0 0 0 
29 0.35 0 0 0 
72 0.417 17 1 1 
58 0.418 11 1 1 
65 0.425 16 1 1 
65 0.395 10 1 1 
75 0.185 0 0 0 
54 0.194 0 0 0 
52 0.31 3 0 0 
51 0.459 11 1 1 
75 0.458 13 1 1 
64 0.447 11 1 1 
 
 
A-27 
 
Table A- 6 Dataset 2* Laituri et al. (2005) 
Age UC NRF AIS3+ AIS2+ 
52 0.346 7 1 1 
62 0.3 23 1 1 
68 0.35 19 1 1 
57 0.33 12 1 1 
58 0.32 3 0 0 
68 0.31 10 1 1 
59 0.41 26 1 1 
64 0.12 4 0 1 
65 0.34 15 1 1 
66 0.37 12 1 1 
34 0.44 0 0 0 
20 0.18 0 0 0 
52 0.27 1 0 0 
47 0.24 0 0 0 
32 0.16 3 0 0 
67 0.43 19 1 1 
44 0.34 9 1 1 
63 0.37 22 1 1 
57 0.22 8 1 1 
59 0.36 12 1 1 
68 0.26 10 1 1 
51 0.36 8 1 1 
67 0.23 0 0 0 
67 0.22 1 0 0 
67 0.34 3 0 0 
50 0.19 6 0 1 
47 0.23 5 0 1 
69 0.12 2 0 0 
34 0.373 0 0 0 
47 0.246 0 0 0 
60 0.33 13 1 1 
70 0.22 12 1 1 
57 0.39 9 1 1 
54 0.5 23 1 1 
 
*The data not included in the dataset 1 is presented. 
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Appendix 11 Matlab Programme to Estimate AIS 2+ Age 
Dependent Chest Injury Risk Curve 
% Clear command window and existing variables 
clc 
clear all 
  
% Read data file 
D = xlsread('Laituri.xlsx'); 
 
% Extract X = [x0 x1] from data table 
X = D(:, 1:3); 
  
% Extract AIS 2+ outcome [y] from data table 
y = D(:, 6); 
  
% Find theta value(s) to minimise cost function 
theta_0 = [0; 0; 0]; % Initialising the coefficient values 
[theta,fval,exitflag] = fminunc(@(t)costFunction(t, X, y), 
theta_0); % Combined likelihood method 
thetalfval=fval; 
thetaexitflag=exitflag; 
  
% Add constraints 
A = [1 75 0]; 
b = -8.216818563; 
[theta_c, fval, exitflag] = fmincon(@(t)costFunction(t, X, y), theta, 
A, b); % Maximum likelihood method 
 
% Find theta value(s) to minimise cost function 
function J = costFunction(theta, X, y) 
  
% Number of observations 
m = length(X); 
  
% Linear expression (exponent) 
z = X * theta; 
  
% "Hypothesis" (probability) 
h = 1 ./ (1 + exp(-z)); 
h = min(h, 0.99 * ones(m,1)); 
  
% Cost 
cost = (-log(1-h) .* (1-y))  +  (-log(h) .* y); 
  
% Total cost 
J = sum(cost) / m; 
  
% Gradient 
grad = (X' * (h - y)) / m; 
  
% Display result 
display([h y cost]) 
display(grad) 
  
end 
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Appendix 12 Normalised Injury Outcomes and Injury Risks 
Table A- 7 50th ‘%ile H3 Driver (young, age 30y)  
Crash 
Scenario 
LL Head Neck Thorax Lower Extremities 
Pjoint (kN) HIC15 P (AIS2+)  P (AIS3+)  Nij P (AIS2+)  P (AIS3+)  CC (mm) 
P 
(AIS2+)  
P 
(AIS3+)  
FFC 
(kN) 
P 
(AIS2+)  
P 
(AIS3+)  
26km/h  
FRB 
2 97 0.30% 0.00% 0.19 13.90% 5.50% 22.9 4.14% 1.49% 1.73 0.70% 1.20% 7.55% 
3 126 0.60% 0.00% 0.2 14.00% 5.60% 27.5 7.79% 2.64% 0.85 0.50% 0.90% 8.50% 
4 137 0.80% 0.00% 0.19 13.90% 5.50% 28.4 8.73% 2.93% 0.74 0.40% 0.90% 8.66% 
6 138 0.80% 0.00% 0.18 13.70% 5.40% 28.1 8.41% 2.83% 0.65 0.40% 0.80% 8.45% 
26km/h  
FRB          
(No airbag) 
2 22 0.00% 0.00% 0.15 13.30% 5.10% 18.5 2.08% 0.80% 1.75 0.70% 1.20% 6.53% 
3 35 0.00% 0.00% 0.19 13.90% 5.50% 25 5.59% 1.95% 0.86 0.50% 0.90% 7.73% 
4 39 0.00% 0.00% 0.21 14.10% 5.70% 26.5 6.84% 2.34% 0.72 0.40% 0.90% 8.28% 
6 41 0.00% 0.00% 0.21 14.10% 5.70% 26.5 6.84% 2.34% 0.62 0.40% 0.80% 8.25% 
40km/h 
ODB 
2 104 0.30% 0.00% 0.2 14.00% 5.60% 23.1 4.27% 1.53% 1.04 0.50% 1.00% 7.49% 
3 124 0.60% 0.00% 0.18 13.70% 5.40% 28.2 8.51% 2.86% 0.59 0.40% 0.80% 8.46% 
4 130 0.70% 0.00% 0.18 13.70% 5.40% 29.5 9.99% 3.32% 0.44 0.40% 0.80% 8.87% 
6 132 0.70% 0.00% 0.18 13.70% 5.40% 29.8 10.35% 3.44% 0.34 0.40% 0.80% 8.96% 
56km/h 
ODB 
2 238 3.90% 0.40% 0.23 14.40% 5.90% 26.1 6.49% 2.23% 2.23 1.00% 1.40% 9.19% 
3 254 4.60% 0.50% 0.24 14.60% 6.00% 30 10.60% 3.52% 2.02 0.90% 1.30% 10.50% 
4 291 6.40% 0.80% 0.27 15.00% 6.30% 34.2 16.86% 5.50% 2.05 0.90% 1.30% 12.97% 
6 390 11.90% 2.20% 0.28 15.20% 6.40% 43.4 36.98% 12.84% 1.99 0.80% 1.30% 20.97% 
EuroNCAP 
2 343 9.20% 1.50% 0.28 15.20% 6.40% 28.3 8.62% 2.90% 2.3 1.00% 1.40% 11.38% 
3 370 10.70% 1.90% 0.25 14.70% 6.10% 32.5 14.08% 4.61% 2.03 0.90% 1.30% 12.88% 
4 372 10.90% 1.90% 0.27 15.00% 6.30% 36 20.16% 6.59% 2.16 0.90% 1.40% 14.98% 
6 493 18.40% 4.60% 0.3 15.50% 6.70% 47.3 47.02% 17.46% 2.19 0.90% 1.40% 27.19% 
USNCAP 
2 713 32.10% 11.70% 0.36 16.50% 7.50% 28 8.30% 2.80% 2.93 1.40% 1.80% 21.67% 
3 711 32.00% 11.60% 0.26 14.90% 6.20% 30.4 11.11% 3.68% 2.82 1.30% 1.70% 21.20% 
4 781 36.00% 14.20% 0.26 14.90% 6.20% 35.2 18.65% 6.09% 2.59 1.20% 1.60% 25.34% 
6 780 35.90% 14.20% 0.3 15.50% 6.70% 45.6 42.62% 15.33% 2.48 1.10% 1.50% 32.96% 
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Table A- 8 5th ‘%ile H3 Driver (young, age 30y)  
Crash 
Scenario 
LL Head Neck Thorax Lower Extremities 
Pjoint (kN) HIC15 P (AIS2+)  P (AIS3+)  Nij P (AIS2+)  P (AIS3+)  CC (mm) 
P 
(AIS2+)  
P 
(AIS3+)  
FFC 
(kN) 
P 
(AIS2+)  
P 
(AIS3+)  
26km/h  
FRB 
2 131 0.71% 0.03% 0.3 15.51% 6.68% 20.4 2.85% 1.06% 1.87 0.80% 1.25% 8.44% 
3 135 0.77% 0.03% 0.31 15.66% 6.81% 20.4 2.85% 1.06% 1.75 0.75% 1.20% 8.52% 
4 135 0.77% 0.03% 0.32 15.88% 6.98% 20.3 2.79% 1.05% 1.71 0.73% 1.19% 8.66% 
6 130 0.69% 0.02% 0.3 15.51% 6.68% 20.2 2.74% 1.03% 1.66 0.72% 1.17% 8.33% 
26km/h  
FRB          
(No airbag) 
2 836 39.01% 16.40% 0.44 17.83% 8.62% 23.6 4.60% 1.63% 1.87 0.80% 1.25% 25.46% 
3 634 27.25% 8.84% 0.42 17.48% 8.32% 26.3 6.68% 2.29% 1.75 0.75% 1.20% 18.95% 
4 570 23.26% 6.77% 0.24 14.61% 6.00% 26.2 6.57% 2.26% 1.71 0.73% 1.19% 14.96% 
6 477 17.37% 4.16% 0.25 14.69% 6.06% 26.1 6.46% 2.22% 1.66 0.72% 1.17% 12.60% 
40km/h 
ODB 
2 16 0.00% 0.00% 0.21 14.09% 5.62% 19.8 2.58% 0.98% 1.84 0.79% 1.24% 7.27% 
3 17 0.00% 0.00% 0.21 14.15% 5.66% 20.1 2.69% 1.01% 1.65 0.71% 1.16% 7.28% 
4 17 0.00% 0.00% 0.21 14.15% 5.66% 20.4 2.85% 1.06% 1.63 0.71% 1.16% 7.33% 
6 16 0.00% 0.00% 0.21 14.10% 5.63% 20.7 2.96% 1.10% 1.65 0.71% 1.16% 7.33% 
56km/h 
ODB 
2 72 0.10% 0.00% 0.23 14.49% 5.91% 24.4 5.11% 1.80% 2.61 1.16% 1.58% 8.67% 
3 101 0.31% 0.00% 0.35 16.30% 7.32% 31.6 12.72% 4.18% 2.11 0.90% 1.35% 12.00% 
4 121 0.55% 0.02% 0.42 17.48% 8.32% 34.5 17.41% 5.68% 2.06 0.88% 1.33% 14.30% 
6 128 0.65% 0.02% 0.44 17.83% 8.62% 34.8 17.85% 5.82% 2.03 0.87% 1.32% 14.71% 
EuroNCAP 
2 132 0.72% 0.03% 0.25 14.66% 6.04% 25.1 5.66% 1.97% 3.15 1.54% 1.88% 9.33% 
3 136 0.78% 0.03% 0.32 15.82% 6.93% 31.8 13.07% 4.29% 2.69 1.22% 1.63% 12.04% 
4 191 2.14% 0.15% 0.46 18.18% 8.94% 37.3 22.82% 7.49% 2.52 1.11% 1.54% 16.82% 
6 191 2.14% 0.15% 0.5 18.90% 9.60% 37.9 24.11% 7.94% 2.5 1.10% 1.53% 17.81% 
USNCAP 
2 228 3.50% 0.31% 0.34 16.14% 7.19% 28.3 8.59% 2.89% 4.71 3.40% 3.10% 13.21% 
3 233 3.68% 0.34% 0.29 15.35% 6.56% 35.5 19.20% 6.27% 4.36 2.85% 2.77% 15.20% 
4 252 4.49% 0.46% 0.36 16.47% 7.46% 37 22.07% 7.23% 4.33 2.80% 2.74% 16.95% 
6 235 3.76% 0.35% 0.29 15.40% 6.60% 36.7 21.57% 7.06% 4.31 2.78% 2.73% 15.91% 
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Table A- 9 95th ‘%ile H3 Driver (young, age 30y)  
Crash 
Scenario 
LL Head Neck Thorax Lower Extremities 
Pjoint (kN) HIC15 P (AIS2+)  P (AIS3+)  Nij P (AIS2+)  P (AIS3+)  CC (mm) 
P 
(AIS2+)  
P 
(AIS3+)  
FFC 
(kN) 
P 
(AIS2+)  
P 
(AIS3+)  
26km/h  
FRB 
2 112 0.44% 0.01% 0.19 13.79% 5.41% 19.2 2.34% 0.89% 1.23 0.57% 1.02% 6.80% 
3 138 0.83% 0.03% 0.19 13.86% 5.45% 24.6 5.32% 1.86% 0.84 0.47% 0.90% 7.68% 
4 124 0.59% 0.02% 0.21 14.15% 5.66% 25.7 6.17% 2.13% 0.61 0.42% 0.83% 8.07% 
6 113 0.44% 0.01% 0.21 14.15% 5.66% 30.8 11.61% 3.83% 0.51 0.40% 0.81% 9.64% 
26km/h  
FRB          
(No airbag) 
2 30 0.00% 0.00% 0.18 13.72% 5.35% 13.4 0.80% 0.35% 1.25 0.58% 1.02% 6.23% 
3 45 0.01% 0.00% 0.19 13.89% 5.48% 20.8 3.04% 1.13% 0.85 0.47% 0.90% 6.98% 
4 63 0.06% 0.00% 0.26 14.88% 6.21% 25.4 5.87% 2.04% 0.61 0.42% 0.83% 8.50% 
6 66 0.07% 0.00% 0.26 14.88% 6.20% 30.1 10.78% 3.57% 0.51 0.40% 0.81% 9.91% 
40km/h 
ODB 
2 125 0.61% 0.02% 0.21 14.21% 5.71% 18.6 2.11% 0.81% 0.75 0.45% 0.87% 6.91% 
3 112 0.43% 0.01% 0.17 13.57% 5.25% 22.8 4.10% 1.47% 0.6 0.41% 0.83% 7.04% 
4 106 0.36% 0.01% 0.18 13.77% 5.39% 26.3 6.63% 2.28% 0.41 0.38% 0.78% 7.90% 
6 117 0.50% 0.01% 0.19 13.83% 5.43% 31.1 12.10% 3.99% 0.32 0.36% 0.76% 9.54% 
56km/h 
ODB 
2 344 9.22% 1.48% 0.39 16.91% 7.83% 31.8 12.99% 4.27% 1.53 0.67% 1.12% 13.65% 
3 352 9.71% 1.61% 0.35 16.27% 7.30% 32.4 13.93% 4.56% 1.65 0.71% 1.16% 13.57% 
4 388 11.84% 2.22% 0.32 15.89% 6.99% 34.8 17.98% 5.87% 1.32 0.60% 1.05% 14.90% 
6 502 18.95% 4.81% 0.33 16.02% 7.09% 44 38.62% 13.54% 1.35 0.61% 1.06% 24.00% 
EuroNCAP 
2 586 24.28% 7.27% 0.44 17.82% 8.62% 35.4 18.98% 6.20% 1.91 0.81% 1.27% 21.16% 
3 462 16.38% 3.77% 0.39 17.02% 7.92% 37.1 22.33% 7.32% 1.95 0.83% 1.28% 18.57% 
4 469 16.88% 3.97% 0.38 16.73% 7.68% 39.2 26.80% 8.89% 1.47 0.65% 1.10% 19.75% 
6 578 23.77% 7.02% 0.38 16.84% 7.77% 46.8 45.60% 16.75% 1.51 0.66% 1.11% 29.08% 
USNCAP 
2 879 41.52% 18.34% 0.49 18.66% 9.37% 38.4 25.20% 8.32% 3.85 2.20% 2.36% 33.65% 
3 877 41.39% 18.24% 0.46 18.24% 8.99% 38.1 24.42% 8.04% 2.58 1.15% 1.57% 32.36% 
4 790 36.49% 14.59% 0.39 16.89% 7.81% 41.2 31.65% 10.70% 2.74 1.25% 1.65% 30.56% 
6 801 37.06% 14.99% 0.43 17.62% 8.44% 48.7 50.71% 19.40% 2.15 0.92% 1.37% 37.84% 
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Table A- 10 50th ‘%ile H3 Passenger (young, age 30y)  
Crash 
Scenario 
LL Head Neck Thorax Lower Extremities 
Pjoint (kN) HIC15 P (AIS2+)  P (AIS3+)  Nij P (AIS2+)  P (AIS3+)  CC (mm) 
P 
(AIS2+)  
P 
(AIS3+)  
FFC 
(kN) 
P 
(AIS2+)  
P 
(AIS3+)  
26km/h  
FRB 
2 41 0.00% 0.00% 0.19 13.90% 5.50% 21.5 3.36% 1.23% 1.66 0.70% 1.20% 7.29% 
3 34 0.00% 0.00% 0.17 13.60% 5.30% 24.4 5.14% 1.81% 0.98 0.50% 0.90% 7.43% 
4 35 0.00% 0.00% 0.16 13.40% 5.20% 25.8 6.23% 2.15% 0.91 0.50% 0.90% 7.65% 
6 38 0.00% 0.00% 0.16 13.40% 5.20% 26.8 7.12% 2.43% 0.92 0.50% 0.90% 7.91% 
26km/h  
FRB          
(No 
airbag) 
2 18 0.00% 0.00% 0.14 13.20% 5.00% 17.4 1.72% 0.68% 1.45 0.60% 1.10% 6.22% 
3 28 0.00% 0.00% 0.19 13.90% 5.50% 24.8 5.44% 1.90% 0.43 0.40% 0.80% 7.60% 
4 30 0.00% 0.00% 0.21 14.10% 5.70% 26.3 6.66% 2.29% 0.37 0.40% 0.80% 8.16% 
6 34 0.00% 0.00% 0.22 14.30% 5.80% 27.2 7.50% 2.55% 0.32 0.40% 0.80% 8.50% 
40km/h 
ODB 
2 18 0.00% 0.00% 0.15 13.30% 5.10% 19 2.26% 0.86% 0.5 0.40% 0.80% 6.25% 
3 27 0.00% 0.00% 0.17 13.60% 5.30% 24.9 5.51% 1.92% 0.35 0.40% 0.80% 7.42% 
4 39 0.00% 0.00% 0.19 13.90% 5.50% 29.2 9.63% 3.21% 0.28 0.40% 0.70% 8.81% 
6 39 0.00% 0.00% 0.2 14.00% 5.60% 29.7 10.23% 3.40% 0.27 0.30% 0.70% 9.09% 
56km/h 
ODB 
2 170 1.60% 0.10% 0.24 14.60% 6.00% 23.8 4.72% 1.67% 1.98 0.80% 1.30% 8.42% 
3 156 1.20% 0.10% 0.24 14.60% 6.00% 26.8 7.12% 2.43% 1.29 0.60% 1.00% 8.86% 
4 180 1.80% 0.10% 0.25 14.70% 6.10% 30.9 11.77% 3.88% 1.26 0.60% 1.00% 10.37% 
6 298 6.70% 0.90% 0.3 15.50% 6.70% 41.7 32.75% 11.13% 1.2 0.60% 1.00% 18.27% 
EuroNCAP 
2 254 4.60% 0.50% 0.26 14.90% 6.20% 25.6 6.07% 2.10% 2.12 0.90% 1.40% 9.45% 
3 243 4.10% 0.40% 0.27 15.00% 6.30% 28.3 8.62% 2.90% 1.79 0.80% 1.20% 10.10% 
4 375 11.00% 2.00% 0.28 15.20% 6.40% 32.8 14.55% 4.76% 1.69 0.70% 1.20% 13.29% 
6 377 11.20% 2.00% 0.31 15.70% 6.80% 42.9 35.73% 12.32% 1.59 0.70% 1.10% 20.49% 
USNCAP 
2 704 31.60% 11.40% 0.28 15.20% 6.40% 28.5 8.84% 2.97% 3.08 1.50% 1.80% 20.75% 
3 816 37.90% 15.60% 0.32 15.80% 6.90% 33 14.87% 4.86% 3.09 1.50% 1.80% 26.38% 
4 844 39.50% 16.80% 0.35 16.30% 7.30% 37.2 22.55% 7.40% 2.9 1.40% 1.70% 29.53% 
6 878 41.50% 18.30% 0.39 17.00% 7.90% 49 51.38% 19.77% 2.66 1.20% 1.60% 40.35% 
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Table A- 11 95th ‘%ile H3 Passenger (young, age 30y)  
Crash 
Scenario 
LL Head Neck Thorax Lower Extremities 
Pjoint (kN) HIC15 P (AIS2+)  P (AIS3+)  Nij P (AIS2+)  P (AIS3+)  CC (mm) 
P 
(AIS2+)  
P 
(AIS3+)  
FFC 
(kN) 
P 
(AIS2+)  
P 
(AIS3+)  
26km/h  
FRB 
2 33 0.00% 25.00% 0.25 14.70% 6.10% 16.3 1.42% 0.58% 0.81 0.50% 0.90% 7.07% 
3 38 0.00% 19.00% 0.19 13.90% 5.50% 19.2 2.34% 0.89% 0.58 0.40% 0.80% 6.68% 
4 57 0.00% 24.00% 0.24 14.60% 6.00% 27.4 7.73% 2.62% 0.66 0.40% 0.80% 8.84% 
6 61 0.00% 24.00% 0.24 14.60% 6.00% 29.2 9.68% 3.23% 0.47 0.40% 0.80% 9.37% 
26km/h  
FRB          
(No airbag) 
2 24 0.00% 23.00% 0.23 14.40% 5.90% 13.8 0.88% 0.38% 0.81 0.50% 0.90% 6.66% 
3 37 0.00% 19.00% 0.19 13.90% 5.50% 19.3 2.38% 0.91% 0.58 0.40% 0.80% 6.69% 
4 57 0.00% 24.00% 0.24 14.60% 6.00% 27.4 7.73% 2.62% 0.66 0.40% 0.80% 8.84% 
6 61 0.00% 25.00% 0.25 14.70% 6.10% 29.2 9.68% 3.23% 0.47 0.40% 0.80% 9.48% 
40km/h 
ODB 
2 21 0.00% 14.00% 0.14 13.20% 5.00% 14.4 1.00% 0.42% 0.71 0.40% 0.90% 5.78% 
3 25 0.00% 17.00% 0.17 13.60% 5.30% 19.9 2.59% 0.98% 0.43 0.40% 0.80% 6.54% 
4 38 0.00% 20.00% 0.2 14.00% 5.60% 26.8 7.12% 2.43% 0.35 0.40% 0.80% 8.19% 
6 49 0.00% 22.00% 0.22 14.30% 5.80% 30.6 11.37% 3.76% 0.15 0.30% 0.70% 9.60% 
56km/h 
ODB 
2 269 0.60% 41.00% 0.41 17.30% 8.20% 27.8 8.09% 2.73% 1.98 0.80% 1.30% 11.97% 
3 218 0.30% 30.00% 0.3 15.50% 6.70% 27.3 7.55% 2.56% 1.77 0.80% 1.20% 10.00% 
4 210 0.20% 28.00% 0.28 15.20% 6.40% 29.2 9.68% 3.23% 1.4 0.60% 1.10% 10.22% 
6 255 0.50% 32.00% 0.32 15.80% 6.90% 41.1 31.21% 10.53% 1.23 0.60% 1.00% 17.62% 
EuroNCAP 
2 570 6.80% 45.00% 0.45 18.00% 8.80% 40.2 29.08% 9.72% 1.76 0.80% 1.20% 23.81% 
3 368 1.90% 37.00% 0.37 16.60% 7.60% 32.0 13.26% 4.35% 1.71 0.70% 1.20% 13.90% 
4 366 1.80% 34.00% 0.34 16.10% 7.20% 32.9 14.63% 4.79% 1.36 0.60% 1.10% 13.78% 
6 414 2.70% 37.00% 0.37 16.60% 7.60% 38.5 25.40% 8.39% 1.23 0.60% 1.00% 18.13% 
USNCAP 
2 891 18.90% 37.00% 0.37 16.60% 7.60% 41.4 32.09% 10.87% 3.22 1.60% 1.90% 34.28% 
3 761 13.50% 37.00% 0.37 16.60% 7.60% 34.3 17.03% 5.56% 2.9 1.40% 1.70% 25.55% 
4 780 14.20% 36.00% 0.36 16.50% 7.50% 35.9 20.00% 6.54% 2.75 1.30% 1.70% 26.72% 
6 903 19.50% 42.00% 0.42 17.50% 8.30% 42.0 33.41% 11.39% 2.71 1.20% 1.60% 35.37% 
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Appendix 13 Real- World Weighting Factors 
Table A- 12 Real- World Weighting Factors 
 Age 
group 
Wposition Wimapct Wsize 
Position Weight Impact type Weight Occupant Weight 
Young Driver 0.686 26km/h FRB 0.417 HIII 05 0.109 
40km/h ODB 0.375 HIII 50 0.723 
56km/h ODB 0.000 HIII 95 0.168 
EuroNCAP 0.000 sum 1.000 
USNCAP 0.208    sum 1.000          
FSP 0.314 26km/h FRB 0.818 HIII 05 0.166 
40km/h ODB 0.091 HIII 50 0.731 
56km/h ODB 0.000 HIII 95 0.103 
EuroNCAP 0.000 sum 1.000 
USNCAP 0.091    sum 1.000    
sum 1.000         
Mid Driver 0.821 26km/h FRB 0.634 HIII 05 0.109 
40km/h ODB 0.313 HIII 50 0.723 
56km/h ODB 0.000 HIII 95 0.168 
EuroNCAP 0.000 sum 1.000 
USNCAP 0.052    sum 1.000          
FSP 0.179 26km/h FRB 0.467 HIII 05 0.166 
40km/h ODB 0.433 HIII 50 0.731 
56km/h ODB 0.000 HIII 95 0.103 
EuroNCAP 0.033 sum 1.000 
USNCAP 0.067    sum 1.000    
sum 1.000         
Old Driver 0.641 26km/h FRB 0.349 HIII 05 0.109 
40km/h ODB 0.556 HIII 50 0.723 
56km/h ODB 0.000 HIII 95 0.168 
EuroNCAP 0.000 sum 1.000 
USNCAP 0.095    sum 1.000          
FSP 0.359 26km/h FRB 0.457 HIII 05 0.166 
40km/h ODB 0.457 HIII 50 0.731 
56km/h ODB 0.029 HIII 95 0.103 
EuroNCAP 0.000 sum 1.000 
USNCAP 0.057    sum 1.000    
sum 1.000         
 
